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ABSTRACT 


This  study  addresses  itself  to  the  problem  of  the  development  of  acceler¬ 
ated  reliability  test  methods  for  mechanical  and  electromechanical  parts.  The 
expected  life  span  of  these  classes  of  parts  is  extremely  long  when  they  are 
used  under  manufacturer  s'  rated  conditions.  Therefore  accelerated  test 
methods  are  required  to  reduce  the  time  period  required  for  the  verification 
of  the  reliability  characteristics  of  these  part  types  and  to  reduce  the  expenses 
associated  with  these  tests. 

The  specific  parts  selected  for  study  were: 

1.  Snap  Action  Switches  -  MS  25085-  1,  5  ampere,  250  volt  AC,  single 
pole,  double  throw,  subminiature 

2.  Crystal  Can  Relays-  3  ampere,  28  volt  dc  contacts;  double  pole, 
double  throw;  675  ohm,  26.  5  volt  coil 

3.  Mechanical  Seals  (O-rings)  -  AN  6227B-11;  OD  -  3/4",  ID-9/16", 
cross  sectional  width  3/32";  material:  Buna-N  rubber 

4.  Timing  Belts  -  1/5  pitch,  12  inch  pitch  length,  60  teeth,  .037"  width. 

The  parts  selected  were  chosen  because  they  represented  large  generic 
families  of  high  usage  rate. 

The  search  for  an  accelerated  reliability  test  method  for  each  of  the  four 
parts  included  in  the  study  were  conducted  by  selecting  a  combination  of 
operating  and  environmental  stresses  and  by  applying  them  at  higher  than 
manufacturer's  rated  level  of  suggested  operation.  Parts  were  also  tested 
at  manufacturer's  rated  conditions  tc  create  data  for  comparison  on  parts 
from  the  same  manufacturing  lot. 

The  physical  test  methods  used  were  developed  during  the  study  and  were 
designed  to  control  the  accelerating  stresses  being  applied.  The  statistical 
test  method  employed  was  a  full  factorial  experiment  with  replications.  It 
was  selected  in  order  to  be  able  to  evaluate  main  effects  and  interactions  in 
searching  for  the  most  etiicient  accelerated  test  method. 

The  mean  life  of  snap  action  switches  was  affected  by  the  application  of 
various  levels  of  contact  load,  actuation  rate,  and  contact  overtravel,  and  by 
the  interactions  between  contact  load  and  actuation  rate  and  contact  load  and 
contact  overtravel.  The  failure  times  of  these  parts  fit  Weibull  distributions. 
The  fits  were  made  by  calculating  a  linear  regres».un  line  by  the  method  of 
least  squares.  Tests  for  goodness  of  fit  were  perfe  -med  to  verify  the 
Weibull  fits.  The  cumulative  failure  distributions  unu  hazard  rates  were 
calculated  for  the  parts  operated  at  manufacturer's  rated  conditions  (Test 
Run  1)  and  for  the  parts  operated  at  each  of  26  combinations  of  accelerated 
c  jnditions. 

An  analysis  of  the  failed  switches  indicated  that  moat  of  the  parts  failed  by 
burning  of  the  contacts.  As  contact  load  increased  there  was  a  tendency  to 
experience  a  faih-re  mode  change  in  the  form  of  welding  of  the  contacts. 
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Bated  on  the  above  mentioned  analyiee  performed  on  switches,  the  moat 
favorable  atreaaea  to  be  applied  aa  an  accelerated  teat  method  were:  contact 
load-10  ampa;  contact  overtravel-.  010  inches,  actuation  rate-150  to  300 
cycle  a /minute. 

The  mean  life  of  cryatal  can  relaya  ia  affected  by  contact  Load,  ambient 
temperature,  and  by  the  interactiona  of  contact  load  and  temperature.  The 
failure  timea  of  iheae  parts  are  in  moat  caaea  diatributed  according  to  the 
Weibull  diatribution.  Cumulative  failure  diatributiona  and  hazard  ratea  were 
calculated  for  each  aet  of  atreaaea  applied  in  combination.  The  predominant 
failure  mode  in  the  relay  a  was  eroaion  and  material  tranafer  between  the 
normally  open  contact*  and  blade.  At  higher  contact  loada  contact  welding 
occurred  frequently. 

From  the  analyaea  performed,  deairable  accelerated  reliability  teat 
method*  for  cryatal  can  relaya  were  apecified.  They  call  for  6  ampa  contact 
load,  1S0°C  ambient  temperature,  and  10  cyclea  per  aecond  actuation  rate 
or  6  ampa  contact  load,  25°C  ambient  temperature  and  30  cyclea  per  aecond 
actuation  rate. 

The  life  of  O-ringa  waa  affected  by  both  temperature,  ultraviolet  expoaure 
and  by  the  interactiona  of  theae  two  atreaaea.  Temperature  contributed  moat 
heavily  to  reducing  part  life.  The  temperature  range  atudied  was  200°  to 
2750F.  The  failure  timea  were  according  to  the  Weibull  diatribution.  The 
predominant  failure  mode  obaerved  waa  radial  cracking  with  a  leaaer  amount 
of  circumferential  cracking.  In  the  caae  of  O-rings  it  was  not  possible  to 
run  a  test  at  normal  operating  conditions  and  observe  any  failures  during  the 
one  year  study  period.  Therefore  it  can  only  be  aaid  that  the  life  of  O-ringa 
decreases  over  the  stress  range*  atudied  but  with  no  reference  to  normal 
stress  levels. 

Timing  belts  were  studied  at  normal  and  severe  levels  of  load  and  pulley 
diameter  in  combination.  Not  enough  failures  were  observed  to  arrive  at 
any  conclusions. 

The  test  of  whether  or  lot  the  accelerated  reliability  test  methods  specified 
for  switches  and  relays  art  truly  valid  depends  on  whether  the  results 
c  stained  from  them  can  be  tranalated  to  parts  operated  at  normal  conditions. 

In  order  to  make  this  translation,  five  mathematical  models  are  presented 
as  possible  representations  of  the  failure  laws  operating  when  parts  are 
operated  at  different  levels  of  combined  atreaaea.  The  five  models  are 
variations  of  time  transformation*  on:  the  cumulative  failure  distribution, 
the  hazard  rate,  and  the  ratio  of  the  hazard  rates.  The  validation  as  to 
which  of  these  models  best  represents  what  happens  in  an  accelerated  test 
must  await  further  study. 
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over-* II  objective  of  the  program,  of  which  this  effort  was  *  part, 
la  to  develop  opt  lam  techniques  for  the  deatonstratlon  of  the  reliability 
of  nonelectronic  parts  and  components.  This  effort  had  as  objectives  the 
development  of  accelerated  test  methods  which  would  reduce  the  time  cost 
associated  with  the  testing  of  four  specific  components  and  the  development 
of  mathematical  models  to  relate  the  reliability  under  accelerated  stress 
conditions  to  the  reliability  under  normal  stress  conditions.  com¬ 
ponents  Investigated  were  a  subminiature  snap-action  switch,  crystal  can 
relay,  "0"  ring  mechanical  seal  and  a  rubber  timing  belt,  bpbasls  was 
placed  on  the  first  two  components. 


A  full  3x3x3  factorial  experiment  was  performed  on  both  switches  and 
relays  so  that  both  the  main  effects  and  the  interactions  could  be  measured. 
Analysis  of  the  results  shoved  that  the  data  for  both  components  fits  ths 
Velbull  distribution.  A  failure  acceleration  factor  on  the  mean  life  of  the 
switches  of  75  and  on  the  mean  Ufa  of  the  relays  of  25  was  realized.  Since 
the  lives  follow  the  Velbull  cumulative  distribution,  the  time  transfer 
function  cannot  take  the  form  of  y  ■  cx.  Rot  only  t*  there  a  pem- 
presslon  of  time,  but  the  parameters  of  the  Velbull  distributions  (noxml 
vs  accelerated)  are  not  equal.  The  transfer  functions  developed  take  the 
preceding  into  consideration.  The  failure  times  of  ths  0-rlngs  under 
accelerated  conditions  were  according  to  the  Velbull  distribution.  Ho 
failures  were  developed  under  normal  conditions  and  thus  It  can  only  ba 
said  that  the  lives  decresss  as  ths  stresses  Increase*  Ths  experiment  on 
the  timing  belts  ms  Intended  only  as  a  probing  test.  Few  failures 
occurred  and  there  appeared  to  be  little  decrease  In  life  with  in-mtss 
In  ths  stresses  studied. 


Ths  results  of  this  contract  serve  to  orient  the  second  r*wite  of 
program  whlcji  will  determine  the  validity  of  these  results  as  they  pertain 
m  functionally  similar  switches  mod  relays  manufactured  and  supplied  by 
other  companies.  -****•» 


DOHA LD  V.  FULTOH 
RADC  Project  Engineer 
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SECTION  1.0  INTRODUCTION 

1.  1  STATEMENT  CF  THE  RELIABILITY  TESTING  PROBLEM. 


In  general,  statistical  theory  shows  quite  clearly  thit  the  precision  of  the 
estimates  of  the  parameters  of  life  distributions  depends  on  the  degrees  of 
freedom  available  to  estimate  them.  Degrees  of  freedom,  for  all  intents 
and  purposes  translates  into  sample  size.  It  is  here  that  problems  peculiar 
to  life  testing  occur: 

1.  Sample  size  for  life  testing  is  not  the  number  of  items  tested  neces¬ 
sarily  but  is  the  observed  number  of  failures. 

2.  The  observed  number  of  failures  usually  depends  on  the  reliability 
of  the  device  in  question. 

Since  the  reliability  of  mechanical  and  electromechanical  parts  is  often 
very  high  it  requires  a  good  deal  of  time/parts  to  obtain  worthwhile  reliability 
estimates.  There  are  a  number  of  approaches  to  overcome  this  objection. 

One  of  them  consists  of  reducing  the  confidence  level.  This  amounts  to 
decreasing  the  precision  required  and  is  really  begging  the  question.  Sequen¬ 
tial  testing  may  afford  an  optimal  approach  in  many  cases  but  large  test 
times/parts  still  result.  Another  approach  which  appears  satisfactory  but 
is  in  the  too  distant  future  is  the  use  of  prior  information  in  the  test.  This 
is  often  referred  to  as  Ba/es  sampling.  If  done  carefully,  one  of  the  most 
useful  approaches  is  that  of  accelerated  testing.  For  particular  parts  this 
method  is  studied  in  some  detail  in  this  report. 

Briefly,  accelerated  testing  consists  of  actually  changing  the  parameters 
of  the  failure  distribution  so  the  failures  occur  earlier  and  the  required 
sample  sizes  become  available  much  earlier  and  hence  testing  costs  are 
lower.  In  using  accelerated  testing  ore  must  be  careful  that  the  mathemat¬ 
ical  model  used  to  relate  the  normal  and  accelerated  environments  is  indeed 
representative  of  the  physical  laws  operating.  Thu  report  presents  some 
intuitively  appealing  mathematical  models  which  will  t>e  validated  airing 
future  study. 

1.2  OBJECTIVES  OF  THE  STUDY 

The  objectives  of  this  study  are: 

1.  To  determine  the  effects  on  the  lifetimes  cf  relays,  snap  action 
switches,  mechanical  seals  (O-rings)  ana  timing  belts  of  various 
combinations  of  operating  and  environmental  stresses. 

2.  To  determine  the  relative  contributions  of  these  factors  and  their 
interactions  to  part  lifetime  variability. 

3.  To  determine  the  failure  modes  and  mechanisms  operating  at  each 
selected  combination  of  operating  and  environmental  stresses. 
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4.  To  develop  an  accelerate*1  te«t  method  for  each  part  under  study 
which  reduces  test  time  « nd  test  expense  and  which,  except  for  an 
acceleration  factor,  repieients  life  under  normal  conditions. 

5.  To  present  methods  that  will  allow  normal  lifetimes  to  be  estimated 
from  accelerated  lifetimes. 


1.  3  DEFINITION  OF  ACCELERATED  TESTING. 


The  definition  of  accelerated  tests  used  in  this  report  differs  in  several 
important  respects  from  the  common  definition.  The  prevailing  definition  of 
accelerated  tests  can  be  grouped  roughly  into  two  classes. 

1.  A  test  is  accelerated  if  the  operating  and/or  environmental  parameters 
exceed  normal  use  conditions. 

2.  A  test  is  accelerated  if  the  cumulative  distribution  function  (cdf)  under 
normal  conditions,  F[m(x),  and  the  cdf  under  accelerated  conditions, 
Fa(x).  are  such  that: 

a)  F.a(x)  2  Fj^(x)  for  all  x 

b)  F a(x)  >  Fjq(x)  for  at  least  one  x. 

Obviously  definition  1  above  m*y  be  necessary,  but  not  sufficient,  i.  ». ,  rapid 
failures  always  occur  in  both  extreme  operating  and  environmental  stresses. 
Accelerated  conditions  do  not  necessarily  mean  rapid  failures.  Definition  2 
is  too  restrictive  in  one  sense  and  too  loose  in  another.  It  is  too  restrictive 
because  it  may  be  unrealistic  to  require  Fa(x)  i  Fn(x)  for  all  x.  In  fact  it 
may  be  sufficient  to  require  Fa(x)  >  FN(x)  for  x  <  x*.  x*  large. 

It  is  too  loose  because  if  Fa(x)  =  Fn(x)  for  all  x  and  Fa(x)  >  FN(x)  for  a 
set  of  x  on  which  it  is  large,  then  definition  2  is  satisfied  but  the  acceleration 
is  certainly  not  rapid.  These  ideas  are  shown  in  Figure  l-l.  Figure  1-2 
shows  a  situation  where  definition  2  is  not  satisfied  but  yet  it  may  well  be 
satisfactory  as  an  accelerated  test  if  x*  is  large  enough.  Of  course,  Figure 
1-3  represents  the  most  desirable  relationship  between  Fa  andJFig. 

Also  the  present  definitions  fail  to  account  for  the  importance  of  the 
hazard  rate  and  mean  life.  It  is  after  all,  mean  life  that  reflects  the  expected 
length  of  test  and  hazard  rate  reflects  the  "kill  rate"  as  a  function.  For  this 
report  then  an  accelerated  test  will  be  defined  as:  A  test  conducted  at  some 
combination  of  operating  and/or  environmental  loads  which: 

!•  Preserves  the  modes  of  failure  experienced  at  normal  conditions. 

2.  Results  in  significantly  lower  (than  normal)  mean  lives  so  that 
expected  test  times  are  lower. 

3.  Has  the  property  that  FA(x)  >  FN(x)  for  all  x  <  x*.  x*  large. 

4.  Has  the  property  that  the  hazard  rate  hjq(x)  and  hA(x)  are  such  that 
hA(x)  >  hjq(x)  for  all  x  <  x*,  x*  large. 
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1.  Select  an  accelerated  test. 

2.  Develop  mathematical  models  to  reflect  the  physical  laws  operating 

between  accelerated  and  normal  conditions  so  that  normal  testing 
can  be  eliminatec.  * 

3.  Validate  Models. 

The  remainder  of  this  report  is  concerned  primarily  with  1  and  2  above 
Step  3  will  be  studied  in  future  efforts.  a&ovc. 

14  ACTION  OF  AN  ACCELERATED  RELIABILITY 


.  ,Th'fac,or*  10  he  '  -">**dercd  in  the  .pccification  of  an  accelerated 
reliability  test  method  are  that  it  must:  cccierated 

•  ItVeUJl  iBeil,h°rter  tHan  th3t  °f  partS  °Pcratcd  at  normal 

•  "XT?,  °f  acceleratinK  stresses  that  are  easily  applied, 

controlled,  and  measured.  They  should  be  stresses  that  have  been 
proven  in  their  ability  to  reduce  the  life  of  the  part  of  interest. 

•  not  result  in  a  failure  mode  different  from  that  observed  in  parts 

operated  at  normal  conditions.  P 

•  impart  to  the  devices  tested,  a  cumulative  failure  distribution  that 

results  in  failure  more  quickly  over  a  given  range  of  test  time  than 
other  potential  accelerated  test  methods.  8  tha" 

•  produce  a  hazard  rate  in  the  parts  tested  that  is  higher  at  all  points 

condifio8nsen  rang*  °f  than  that  of  P*rts  °P^ated  at  normal 

•  eratfngVtreM0  •imultaneou,  application  of  more  than  one  accel- 

•  «»ibCd  byith*  «eneral  distribution  function  as  parts 

tested  at  normal  conditions.  The  requirement  is  not  that  the  paraPm- 
eters  be  the  same  but  that  its  life  characteristics  must  be  exp^essable 

•tr«^"eIIr‘etlsmathematlCal  term*  **  lh°*e  °f  ***'*  °Perated  at  normal 

•  result  in  the  shortest  possible  test  in  terms  of  calendar  time. 

•  result  in  an  economical  test  method  with  regard  to  test  equipment 
anUysia  ■^tm!*ri<1B  pr°Cedure’  needed«  and  the  data  collection  and 
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•  produce  test  results  from  the  accelerated  test  that  are  translatable 
back  to  how  the  parts  would  have  performed  had  they  been  operated  at 
normal  stress  levels. 

The  matrix  shown  in  Table  l-l  is  a  checklist  to  be  applied  to  accelerated 
reliability  test  methods  that  are  developed  in  this  study  in  order  to  select 
those  that  appear  to  have  the  most  merit. 


TABLE  1-1.  FACTORS  FOR  SELECTING  DESIRABLE  ACCELERATED 
RELIABILITY  TEST  METHODS 


Factor  Test  Run 

1 

2 

3 

4 

5 

6 

7 . 27 

Short  Mean  Life 

Cont roliabl'*  Accelerating  Stresses 

Constant  Failure  Mode 

Cumulative  Failure  Distribution 

Hazard  Rate 

Saute  Failure  Distribution 

.Short  Calendar  lime 

1L  ononiu  il 

mmmmm 

. 

There  is  no  attempt  to  weight  the  factors  for  purposes  of  tradeoff  studies, 
but  it  is  expected  that  a  specified  accelerated  r»  liability  test  method  in  order 
to  be  considered,  should  possess  positive  attributes  in  each  of  the  above 
factors. 


1.  5  STUDY  APPROACH 

1.  5.  I  SELECTION  OF  STUDY  METHOD 

In  deciding  the  methodology  to  follow  in  searching  for  accelerated  relia¬ 
bility  test  methods  it  was  apparent  that  there  was  a  need  for  »he  generation 
of  data  on  the  life  of  parts  when  operated  at  several  different  operating  and / 
or  environmental  stress  levels.  In  addition  to  requiring  knowledge  of  relia¬ 
bility  characteristics  at  different  levels,  information  was  needed  regarding 
the  interactions  taking  place  when  two  or  more  accelerating  stresses  were 
operating  on  a  given  part,  in  order  to  take  advantage  of  any  synergistic 
effects  which  might  result  in  reduced  test  times.  This  requirement  dictated 
the  use  of  a  factorial  experimental  design  which  allows  the  evaluation  of  each 
main  effect  and  all  interactions. 

Another  requirement  of  the  study  wau  to  make  observations  that  would 
lead  to  an  estimation  of  the  life  distribution  functions.  Hence  a  number  of 
replications  in  e«ch  test  cell  of  the  matrix  v/as  specified. 

1.5 .2  SELECTION  OF  PARTS  FOR  STUDY 

One  of  the  stated  objectives  of  the  study  is  to  develop  accelerated  relia¬ 
bility  test  methods  for  mechanical  and  electromechanical  parts.  There  are 
thousands  of  parts  and  hundreds  of  thousands  of  applications  to  which  the 
study  could  therefore  apply.  Lr  order  to  direct  the  study  into  specific 
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channels,  two  electromechanical  and  two  mechanical  parts  were  selected. 

The  parts  selected  were  ones  that  are  widely  used  and  are  representative 
of  lurge  generic  parts  groups  to  which  the  study  results  might  possibly 
apply. 

The  specific  parts  selected  for  inclusion  in  the  study  program  were  as 
follows: 

1.  Snap  Action  Switches  MS25085-1 

Contact  rating  is  5  amps  and  uo  to  2  50  volts  AC;  single  pole  double 
throw,  subminiature  type.  Actuation  is  by  means  of  a  roller  leaf 
spring. 

2.  Crystal  Can  Relays 

The  relays  are  double  pole,  double  throw,  with  a  contact  rating  of 
3  amps,  28  volts  DC.  The  temperature  range  is  -65°C  to  +125°C. 

The  coil  ia  rated  at  675  ohms,  26.  5  volts. 

3.  O-Rings  AN6227-B-11 

The  parts  are  of  Buna  N  type  rubber,  with  an  OD  of  3/4”  and  an  ID  of 
9/16".  The  cross-sectional  width  is  3/32". 

4.  Timing  Belts 

These  parts  are  1/5  pitch,  12  inch  pitch  length,  60  teeth,  .037  inch 
width.  The  teeth  are  of  neoprene  with  nylon  facing.  The  tension 
member  is  steel  cable  with  neoprene  backing. 

1. 5.  3  ENVIRONMENTS  APPLIED  IN  COMBINATION  AND  SEQUENTIALLY. 

The  factorial  experimental  design  used  in  this  study  provides  for  environ¬ 
ments  applied  in  combination.  In  order  that  the  selection  of  a  factorial 
design  will  not  appear  arbitrary  and  because  of  the  "apparent”  popularity  of 
sequentially  applied  environments  some  remarks  comparing  the  two  methods 
oi  testing  will  be  made. 

It  would  appear  that  the  submission  of  units  to  a  sequentially  applied 
environment  say  first  shock,  then  vibration,  then  temperature,  etc.,  is  hard 
to  justify  on  any  except  economic  grounds.  Certainly  environments  are  not 
so  "nice"  that  they  occur  sequentially  during  actual  use.  In  fact  it  is  to  be 
expected  that  environments  occur  in  combination  under  normal  use  conditions. 
Moreover  the  synergistic  (interaction)  effects  which  may  be  caused  by 
environments  acting  together  are  immeasurable  by  sequentially  applied  tests. 
A  great  number  of  these  effects  were  observed  in  this  study.  As  part  quali¬ 
fication  tests  then,  the  sequential  tests  fail  to  measure  up  UNLESS  IT  HAS 
BEEN  PREVIOUSLY  DEMONSTRATED  THAT  THE  PARTICULAR  TEST 
CYCLE  USED  WELL  REPRESENTS  HOW  THE  DEVICES  BEHAVE  UNDER 
USE  CONDITIONS.  Actually  this  is,  theoretically,  not  an  insurmountable 
objection.  However,  the  sequentially  applied  environments  tnjt  as  an 
accelerated  test  suffers  from  more  serious  objections.  First  it  may  be 
inefficient  from  ihe  standpoint  of  requiring  too  much  time  because  the 
environments  are  applied  sequentially  and  because  any  additional  "killing" 
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effect*  due  to  interactions  are  lo*t.  Secondly,  and  very  importantly,  it  i* 
oiten  very  difficult  to  interpret  physically  (i.  e.  ,  in  terms  of  physical  law*) 
what  is  happening  to  a  device  when  subjected  to  sequential  environment*. 

Since  normal  use  conditions  cannot  be  described  in  term*  of  a  sequentially 
applied  environment  it  is  difficult  to  relate  normal  and  accelerated  condition*. 

1.6  OUTLINE  OF  REPORT 


The  remainder  of  this  report  is  a  presentation  of  the  data  generated 
during  this  study  together  with  the  conclusions  and  results  based  on  the 
analysis  of  the  data.  The  results  pertaining  to  snap  action  switches  are 
presented  in  Section  2,  to  crystal  can  relays  in  Section  3,  to  O-rings  in 
Section  5  and  timing  belts  in  Section  6.  Each  section  begins  with  a  summary 
of  the  findings.  This  is  followed  by  a  tacle  of  times  to  failure  for  each  part. 
An  analysis  of  variance  was  then  performed  to  identify  the  stresses  and 
interactions  of  stresses  which  had  a  significant  effect  on  the  mean  lives  of 
parts  tested  under  each  of  27  combinations  of  different  stress  levels. 

The  times  to  failure  of  all  groups  of  parts  tested  were  analyzed  to  esti¬ 
mate  their  underlying  life  distribution  functions.  The  life  distributions 
were  plotted  on  Weibull  probability  paper  and  goodness  of  fit  tests  were 
performed.  Cumulative  failure  distributions  and  hazard  rates  were  cal¬ 
culated  for  the  parts  tested  at  normal  stress  levels  and  for  each  of  the 
other  groups  of  parts  tested  at  combinations  of  accelerated  stresses. 

Included  in  each  section  is  an  analysis  of  the  failure  modes  and  mechanisms 
acting  on  parts  operated  at  normal  stress  levels  as  compared  to  those  found 
on  parts  operated  at  the  various  combinations  of  severe  stresses.  The  final 
paragraph  of  each  of  the  sections  relating  to  the  specific  parts  studied  is  a 
selection  of  the  set  of  combined  stress  levels  from  among  those  studied 
which  yields  the  most  promise  for  use  as  an  accelerated  reliability  test 
method.  7 

Action  4  is  devoted  to  a  presentation  of  the  mathematical  models  studied 
as  possible  representations  of  the  pi.-ysical  effects  caused  by  the  application 
of  combined  accelerated  stresses.  This  relationship  between  the  mean  life 
of  a  part  operated  at  normal  stresses  and  one  operated  at  accelerated  condi- 
value  mU8t  ***  e»tablished  before  an  accelerated  test  method  has  rfieaningful 

Section  6  contains  Conclusions  and  Section  7  is  titled  Recommendations. 
The  appendix  contains  a  description  of  the  test  methods  used,  details  of  the 
failure  analyses,  and  graphs  relating  to  the  life  distributions  of  the  parts 
included  in  the  study  program. 
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SECTION  2.0  SNAP  ACTION  SWITCHES 


2.  1  SUMMARY 


There  were  270  snap  action  switch#!',  subjected  to  life  tests.  Ten  parts 
were  tested  at  normal  operating  and  eti vi ronmental  conditions  (Test  Run 
1:5  amps  contact  load,  70  cycles /mint  te  actuation  rate,  ana  005  inches 
contact  overtravel).  Ten  parts  were  also  tested  at  each  of  26  other  combin¬ 
ations  of  stresses  which  were  evaulated  for  utility  as  accelerated  reliability 
test  methods.  The  number  of  cycles  to  failure  was  recorded  for  each  part 
at  both  first  miss  and  at  total  failure. 


An  analysis  of  variance  was  performed  on  each  set  of  data  in  order  to 
determine  those  stresses  and  combinations  of  stresses  that  contributed 
significantly  in  reducing  switch  life. 


The  following  stresses  were  found  to  affect  switch  life  at 
failure  definitions: 

1  st  Miss 

their  respective 

Total  Failure 

Contact  Load 

X 

X 

Actuation  Rate 

X 

X 

Contact  Overtravel 

X 

X 

Interactions  (Contact  Load  It  Overtravel) 

Interactions  (Contact  Load  it  Actuation  Rate) 

X 

X 

X 

The  next  step  in  the  analysis  was  to  estimate  the  magnitude  of  the  contri¬ 
bution  to  variance  of  each  of  the  significant  effects.  By  far  the  greatest 
effect  on  switch  life,  was  exerted  by  contact  load.  With  failure  defined  as 
first  miss,  contact  load  produced  74.6%  of  the  total  variance.  Using  the 
total  failure  definition  it  accounted  for  67.  4%  of  total  variation.  The  other 
significant  main  effects  and  interactions  were  each  responsible  for  from 
1.  1  to  7.0%  of  the  total  variation.  Residual  or  unexplained  variance  was 
13.  3%  for  first  miss  and  17.  1%  for  total  failure. 

Student's  t  test  was  used  to  group  the  test  runs  that  could  have  come 
from  populations  /ith  the  same  mean.  The  reason  for  this  was  to  compare 
the  mean  life  of  the  parts  tested  at  normal  conditions  (Test  Run  1)  with 
those  operated  at  accelerated  stress  levels.  In  general,  all  Test  Runs  which 
utilized  a  contact  load  of  5  amps,  exhibited  no  differences  in  mean  life  from 
Test  Run  1,  Hence  this  level  of  contact  load  was  not  feasible  for  use  as  an 
accelerated  test.  The  parts  operated  at  15  amps  displayed  a  change  in 
failure  mode  in  the  form  of  welding  of  the  contacts.  Also  the  test  runs  at 
10  amps  and  .005  inches  overtravel  exhibited  failure  modes  that  changco  to 
welded  contacts  from  the  burned  and  eroded  contacts  of  Test  Run  1.  Hence 
none  of  these  meet  the  criteria  for  accelerated  test  methods  set  down  in 
Section  1. 
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The  failure  times  of  the  switches  tested  at  normal  stress  levels  (Test 
Run  1)  and  thos.  tested  at  combined  accelerated  stress  levels  were  plotted 
on  Weibull  probability  paper  to  ascertain  if  this  was  the  life  distribution 
function  which  best  described  the  reliability  characteristics  of  these  parts. 
Several  goodness  of  fit  tests  were  used  to  verify  that  switches  operated  in 
this  manner  failed  according  to  the  Weibull  distribution. 

The  Weibull  shape  parameter  {f})  and  scale  parameter  (a)  for  each  test 
run  were  calculated  as  well  as  the  cumulative  failure  distributions  and 
hazard  rates  for  each  set  of  stress  levels  included  in  the  test.  The  Weibull 
location  parameter  (y)  was  assumed  to  be  zero. 

In  summary  it  is  noted  that  the  results  obtained  regarding  significant 
stresses  and  interactions  which  affect  the  mean  number  of  cycles  to  failure 
of  snap  action  switches  where  failure  is  defined  as  first  miss  are  quite 
similar  to  those  found  when  the  tests  were  continued  until  total  failure  of 
the  parts.  This  fact  is  in  itself  a  form  of  desirable  accelerated  test  since 
test  time  can  be  reduced  with  high  assurance  of  obtaining  similar  results. 

A  further  measure  of  the  agreement  between  the  results  of  the  analysis 
of  life  test  data  with  the  tv'o  different  failure  definitions  was  obtained  by 
calculating  the  correlation  coefficient.  The  .972  obtained  shows  that  there 
is  a  high  degree  of  agreement  between  the  two  sets  of  test  results. 

After  evaluating  all  the  data  generated  there  were  two  test  runs  which 
exhibited  desirable  characteristics  for  use  as  an  accelerated  reliability  test 
method.  These  were: 

Test  Run  #14  (10  amps  contact  load,  .  010  inches  contact  overtravel, 
and  150  cycles /minute) 

Test  Run  #15  (10  amps  contact  load,  .  010  inches  contact  overtravel 
and  300  cycles/minute) 

2.  2  DETAILS  OF  THE  INVESTIGATION 

2.2.1  STRESS  SELECTION 

The  manufacturer's  data  and  discussions  with*the  manufacturer's  repre¬ 
sentative  indicated  the  following  "normal"  operating  conditions  for  the  single 
pole,  double  throw  snap  action,  switch  (MS  25085-1)  selected  for  study: 

Contact  Load  - - .........  5  amps 

Temperature  range  - - -  100*F  to  +180*F 

Mechanical  life  -----------------  50,000  operations  minimum 

Operating  force  (at  plunger)  -----  3  to  5  oz.  (85  to  142  grams) 

Release  force  . . . -  1  ox  min.  (28. 4  grams) 
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Overtravel  - - - -  ,  005  inches  minimum 

Actuation  rate . . . .  up  to  300  cycles/minute 

Vibration  - - - - -  5-2000  cps,  .  03  double  amplitude 

with  no  contact  bounce 

Shock  - - - -  50g,  11  sec.  with  no  contact  bounce 


Not  designed  for  application  in  humid,  corrosive,  or  dust  atmosphere. 

The  following  test  conditions  were  considered  for  inclusion  as  stress 
variables  to  be  applied  to  the  switches: 

Actuation  rate 

Vibration 

Temperature 

Atmosphere  (Oxygen  rich,  corrosive,  other) 

Overtravel 
Contact  load 
Contamination 

Criteria  for  selecting  the  stresses  to  be  applied  included: 

1.  probable  effect  of  stress  on  life  and/or  test  time 

2.  probable  effect  on  failure  mode 

3.  uniformity  of  application  at  various  stress  levels 

4.  test  setup  complexity 

5.  ease  of  control  of  stresses 

6.  accuracy  of  measurement  of  stresses 
This  resulted  in  the  selection  of: 

Actuation  rate 

Overtravel 
Contact  load 

as  the  variable  stresses  to  be  applied  to  the  tests. 
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earWi^oaUe^n  ab°VC  325  Cpm  re8uJted  ™  a  random 

tion  Y  tww  resulting  from  actuator  miss  rather  than  switch  malfunc- 

"normJr-  i  f>re  “  i*Ppe!  llmit  of  300  cPm  wa8  established.  The  lower  or 
divided  bv^  f^3  based  Primarily  on  the  project  calendar  time  available 
r •* « 11 1 1  a  y  i  cecast  of  switch  life,  times  the  number  of  switches  This 
;  :  “  *  ■»»« '*"«  °(  ?0  cpm.  An  tal.nn.di.,.  v.lu.  of  1 W  cpm  l» 
ni  mfiiTl  lf  o,;  maximum  and  doubl.  ,h,  minimum  actuation  rat.. 

,  ,ot  was  checked  for  maximum  overtravel  and  wa. 

ofi  inch  "  •  °14  ,0  •  025  i“he»-  Baled  on  th...  .tud.e.  SlTand 

overtravel^f  ^00*5  inchea*re  *el"‘ed  tor  «<»  *  d"‘»ed  "-rmar 

blnfttai’.ro!0.7r.“«,.;W"e  P”'°rmtd  °n  *Wi,ch"  <"”*•'  th«  following  com- 

No  load,  .007  inches  overtravel,  160  cycles/minute 
No  load,  .010  inches  overtravel,  160  cycles/minute 
5  amp  load,  .  004  inches  overtravel.  160  cycles/minute 
M  amp  load,  .  005  inches  overtravel,  70  cycles/minute 

At  the  no  load  conditions,  not  enough  failures  would  have  been  observed 

cwTf  Thi’s  28  V°ltS*  faUure  °CCurred  in  from  lO  to  Hr 

occurring  ^tremely  severe  and  failure  mode  changes  were  obviously 

repr«enV'-nor0mllOf  '  aT*  W?,8  ‘h°Sen  the  lowest  value  since  il  does 
represent  normal  onditions."  Screening  tests  at  10  and  15  amos  vielded 

neither  extremely  short  life  nor  strong  indication,  of  failure  mode  changes. 


A  summary  of  the  overall  stress  selection  is: 


AppMea  Stress 
Actuation  Rate 
Overtravel 
Current 


Normal 
70  cpm 
.  005" 

5  amps 


Intermediate 
1 50  cpm 


10  amps 


Maximum 
300  cpm 
.015” 

1  5  amps 


dcuitad^E  App.dnd«?'-T.n  *'**  me'h0d  ““  »•««  i. 


2.2.2  STATISTICAL  EXPERIMENTAL  DESIGN 

ejmstiS  :rh  o,.bthe  27 

levels  used  to  study  thT  life *c ha  r  Ict^ri stUe Tthe^Tpwu .*''***  **  “**  atre,# 
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TABI.E  2-1.  FACTORIAL  EXPERIMENT  FOR  SNAP  ACTION  SWITCH  TESTS 
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Foi  convenience  in  the  discussion  of  results  throughout  this  report,  each 
cell  r epr eventing  10  switches  tested  at  a  combination  of  environmental  and/ 
or  operating  stresses  has  been  numbered  as  shown  in  the  Table. 

Test  Run  Number  1  was  selected  as  a  condition  that  represented  manu¬ 
facturer's  rated  operating  conditions.  The  other  test  runs  comprise  dif- 
letcnf  combinations  of  the  stress  levels  being  studied  and  they  were  selected 
for  the  purpose  of  measuring  both  the  effects  on  switch  life  of  each  main 
effect  and  of  all  their  interactions. 

2.  2.  3  DEFINITION  OF  FAILURE 

One  of  the  objectives  of  the  study  was  to  determine  whether  the  same 
information  could  be  obtained  by:  (1)  testing  until  the  first  signs  of  inter¬ 
mittent  operation  occurred  and  (2)  by  testing  until  the  part  was  completely 
inoperable.  This  resulted  in  two  separate  definitions  of  what  constituted 
failure.  A  record  was  maintained  of  the  number  of  cycles  at  first  miss  for 
each  switch.  After  iirst  miss,  the  tests  were  continued  until  total  failure. 
Total  failure  was  defined  as  100  consecutive  misses.  Two  separate  analyses 
of  'he  data  gathered  during  the  tests  are  analyzed  in  the  next  section  to 
determine  if  these  two  failure  definitions  result  in  similar  conclusions. 

2.  3  PRESENTATION  OF  TEST  RESULTS 

The  factorial  experiment  on  switches  consisted  of  27  Test  Runs  each  con¬ 
taining  10  parts.  Test  Run  1  (5  amps  contact  load,  .005  inches  contact  over¬ 
travel,  and  70  cycles /minute  actuation  rate)  was  defined  as  normal  operation. 
The  other  26  test  runs  consisted  of  combined  stresses  of  5,  10,  and  15  amps 
contact  load,  .  005,  .  010  and  .  01  5  inches  overtravel,  and  70,  150,  and  300 
cycles  per  minute  actuation  rate.  The  combined  stresses  were  utilized  to 
evaluate  the  effects  on  mean  cycles  to  first  miss  of  the  main  effect  of  the 
three  stresses  employed  (i.  e. ,  contact  load,  overtravel,  and  actuation  rate) 
am!  to  investigate  the  significance  of  their  interactions.  The  results  of  these 
tests  are  shown  in  Table  2-2.  The  mean  life  of  each  test  run  is  designated 
as  x  and  is  located  below  the  individual  readings  for  each  of  the  10  switches 
in  a  test  run.  The  test  run  numbers  are  in  the  upper  right  hand  corner  of 
each  cell  in  the  matrix. 

The  270  switches  tested  and  reported  on  for  first  miss  data  in  the  previous 
paragraph  were  continued  on  life  test  until  total  failure.  This  was  defined 
as  100  consecutive  misses.  The  cycles  tojiotal  failure  of  each  switch  are 
presented  in  Table  2-3.  The  mean  value  (x)  of  the  10  switches  in  each  test 
run  is  included  with  the  data. 

2.  3.  1  ANALYSIS  OF  VARIANCE 


The  statistical  method  used  for  discovering  the  stresses  or  combinations 
of  stresses  which  affect  switch  life  was  an  analysis  of  variance.  It  is  based 
on  the  assumption  that  there  is  equal  variance  in  each  cell  of  the  factorial 
experiment  and  that  the  values  in  each  cell  are  distributed  approximately 
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TABLE  M.  SNAP  ACTION  SWITCHES:  CYCLES  TO  FIRST  MISS 
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normally.  An  inspection  of  the  test  data  on  cycles  to  first  miss  of  switches 
indicated  that  this  was  not  the  case.  However  a  method  of  dealing  with  this 
problem  is  suggested  by  Davies  (Reference  14).  It  involves  the  use  of  a  log- 
arithmic  transformation  when  the  variance  is  proportional  to  the  magnitude 
of  the  mean.  The  transformation  was  used  prior  to  the  performance  of  the 
analysis  of  variance. 

results  of  the  analysis  of  variance  on  first  miss  are  shown  in 
Table  2-4.  The  same  information  based  on  total  failure  is  in  Table  2-5. 

The  asterisked  numbers  in  the  ”F  Ratio”  column  of  these  tables  denote 
the  sources  of  variance  that  significantly  affect  the  lives  of  the  switches 
included  in  this  series  of  tests.  The  contact  load,  actuation  rate,  and 
contact  overtravel  main  effects  and  the  interactions  between  contact  loads 
and  overtravels  are  significant  at  the  F.  05  level  where  the  failure  definition 
is  first  miss.  Where  it  is  total  failure,  the  same  effects  are  significant 
plus  the  interactions  between  contact  load  and  actuation  rate.  The  indication 
of  significance  of  the  interactions  is  a  signal  that  a  synergistic  effect  is 
taking  place.  In  other  words  some  phenomenon  takes  place  when  the  two 
stresses  are  applied  in  combination  that  could  not  have  been  detected  if  the 
stresses  had  been  applied  individually  or  sequentially. 


Knowledge  of  the  significant  effects  and  interactions  affecting  the  mean 
number  of  cycles  to  first  miss  is  important.  However  it  is  equally  important 
to  measure  the  magnitude  of  the  contribution  of  each  significant  factor  or 
interaction  to  the  total  variance  observed.  This  was  accomplished  by  calcu¬ 
lating  the  Components  of  Variance.  The  results  of  these  calculations  are 
shown  for  the  first  miss  as  the  %  Contribution  to  Total  Variance  column  in 
Table  2-4.  It  indicates  that  contact  load  is  responsible  for  74.6%  of  the 
observed  variance.  The  interaction  between  Contact  Load  and  Overtravel 
contributed  7.0%.  Overtravel  4.0%,  and  Actuation  Rate  1.1%.  The  residual 
amounted  1 3.  3%. 

The  Components  cf  Variance  analysis  for  total  failure  is  shown  as  the 
right  hand  column  in  the  Analysis  of  Variance  Taole  2-5.  The  results 
obtained  here  are  in  basic  agreement  with  the  first  miss  data  in  that  contact 
load  is  by  far  the  largest  contributor  to  variance  (67.4%).  The  contact  load 
and  actuation  rate  interaction  is  6.0%,  while  the  contact  load  and  overtravel 
interaction  represents  2.2%  of  the  variation.  The  residual  term  is  17.  1%. 

2.3.  1.1  t  TEST 


The  analysis  of  variance  highlighted  the  main  effects  and  the  interactions 
that  affect  the  life  of  switches.  The  components  of  variance  indicated  which 
of  the  significant  effects  and  interactions  exerted  the  greatest  effect.  The 
t  test  was  used  to  indicate  whether  the  stress  caused  the  mean  life  to  in¬ 
crease  or  to  decrease. 
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TABLE  2-5.  ANALYSIS  OF  VARIANCE  TABLE  FOR  SNAP  ACTION  JWlTCHES  (TOTAL  FAILURE) 


J 


1 

* 

f 
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Since  the  interaction  of  contact  load*  and  overtravel  wtt  significant  on 
the  first  miss  data,  it  is  valid  to  combine  data  across  actuation  rates  in 
order  to  obtain  a  better  estimate  of  the  effects  of  the  interaction.  Table 
2-6  is  a  matrix  of  the  logarithmic  mean  values  of  contact  load  and  overtravel. 
Each  value  in  the  matrix  is  the  mean  of  the  cycles  to  first  miss  of  JO 
switches. 

TABLE  2-6.  INTERACTIONS  BETWEEN  CONTACT  LOAD  AND  OVER¬ 
TRAVEL  (FIRST  MISS -SWITCHES) 


Contact 

Overtravel 

(Inches) 

Contact  Load 

5  amps 

10  amps 

1 5  amps 

.005 

5.  10 

3,62 

3.42 

.  010 

5.  12 

4.01 

3.  53 

.015 

!.  06 

4.  55 

3.65 

i  he  t  test  is  used  to  evaluate  the  differences  be  tween  means.  Using  the 
residual  error  of  .  1  1255  from  the  analysis  ol  variance  and  243  degrees  of 
freedom  it  is  calculated  that  a  difference  of  greater  than  .  144  between  means 
is  required  to  denote  significance  at  the  t.QS  level. 

Therefore  it  can  be  seen  that  the  switches  fall  roughly  into  four  groups 
based  on  their  mean  lives. 

These  are: 


Load 

Overtravel 

5  amps. 

.010" 

= 

5.  12 

5  amps. 

.005" 

= 

i.  10 

>  Croup  1 

5  amps. 

.015" 

- 

5.  06 

4 

10  amps. 

.015" 

r 

4.  55 

Group  2 

10  amps, 

.CIO" 

s 

4.01 

Croup  3 

15  amps. 

.015" 

= 

3.65 

10  amps. 

.005" 

X 

3.62 

Group  4 

15  amps. 

.  010" 

X 

3.  53 

1 5  amps. 

.005" 

X 

3.  42  , 
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These  groupings  may  be  interpreted  as  follows.  Group  1  consisting  of 
Test  Runs  1  through  9  all  exhibited  mean  cycles  to  first  miss  which  were 
not  significantly  different.  Since  Test  Run  1  was  defined  as  normal  operating 
conditions  and  Test  Runs  2  through  9  did  not  reduce  the  mean  time  to  failure, 
it  is  obvious  that  none  of  these  test  runs  qualify  for  use  as  accelerated 
reliability  test  methods. 

Group  4  result  *d  in  mean  Jives  which  were  shorter  than  Test  Pun  1  (5 
amps,  .010  inches  overtravel,  and  70  actuations /minute),  but  they  also 
introduced  a  changed  failure  mode  in  the  form  of  welded  contacts  (See  T  able 
*7*  Hence  these  test  runs  are  deemed  unsatisfactory  for  use  as  accelerated 
reliability  test  methods. 

Groups  2  and  3  both  exhibit  shorter  mean  lives  than  Test  Run  1  (normal 
conditions)  and  do  not  result  in  a  change  in  failure  mode.  Hence  from  the 
standpoint  of  these  two  criteria  the  test  runs  included  in  these  two  groups 
(i.  e. ,  Test  Runs  1  3  through  18)  are  candidates  for  consideration  for  use  as 
accelerated  test  methods. 


The  analysis  of  the  differences  between  the  means  of  test  runs  where  the 
failure  definition  was  total  failure  was  more  complex  since  two  first  order 
interactions  were  significant  in  the  analysis  of  variance. 

The  logarithmic  observations  were  first  summed  over  actuation  rates  to 
evaluate  the  contact  load  and  overtravel  interaction.  This  resulted  in  the 
mattix  in  Table  2-7. 

TABLE  2-7.  CONTACT  LOAD  AND  OVERTRAVEL  INTERACTIONS 
(TOTAL  FAILURE -SWITCHES) 


Overtravel 

Contact  Load 

5  amps 

10  amps 

1  5  amps 

.005 

5.  23 

4.  40 

3.  72 

.010 

5.23 

4.  79 

4.  10 

.015 

5.27 

4.  80 

4.  15 

The  interval  between  the  means  required  for  significance  at  the  t  ns  level 
was  calculated  as  follows:  * 


X 


1 


«  t 


05 


n2 


where:  Tj  and  -  any  two  means 
from  the  matrix 
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X.  -  3T,  -  1  645  \  /t-L2I?  x  ■  i  ku 

1  2  '  V  30  +  30  *.  05  =  Student  t  statistic  for 

243  degrees  of  freedom 

1  2  *  ^  ^r  =  residual  term  from  the 

analysis  of  variance 

ni  =  number  of  observations  in 
each  mean  being  compared 

me“  Vilu“ in  Tab1' 2'7  "pa"‘"  *• 


*1  '  *2  = 


Load 

Overtravel 

5  amps, 

•  015  =  5.27 

5  amps, 

.  005  =  5.  23 

5  amps. 

.010  =  5.23 

1  3  amps, 

.015  -  4.80 

10  amps, 

.  010  =  4.  79 

10  amps, 

.  005  =  4.  40 

1  5  amps. 

.015  =  4.  15 

1  5  amps. 

•  010  ^  4.  10 

1 5  amps, 

.  005  =  3.  72 

Group  1 


Group  2 


Group  3 


Group  4 


2 ^  amps,  .  005  =  3.  72  Group  5 

°„Shh.\t"V““1i"to  >'7‘  h*"»s  significantly  di«„,„, 

Aga.n  Group  I  co„u°o,  T«t  I’n^  »»  <h<  fir.,  mi.,  dr, a 

..at  run.  included  in  tni.  grouu  are  not  .Idta'bU^or  aecT*  t^"'fcr'  ‘>»>«r 

since  they  do  not  significantly ‘reduce  part  life  A.  wUh  the'fir,, ,n'thod• 
Groups  3,  4.  and  5  whil*  *v.„  — j  v  „  :  ;  •  wun  the  tirr.t  miss  data 

As  before  the  most  promising  accelerated  tes*t  'a'*?**  fte  failure  m°<ie. 

is *ma  d  e ^itp ^o Tt e s t uns*1? 3* tltrouglTts  *  *0*  ^  te#t *ii.  ^Grot/T wUeh 
firs,  mi.s’and 

actions.  The Toj^ai r  fth  m ic *m  exalts *c al c ul a te ^when's ummi  n  a* a c ° °  rat*i“ter- 

oi  rsmvssstS  f~:  s?  ‘-T 

and  actuation  rate  form  into  5  groups  as  follows:  '  ^  COntaCt  load 


TABLE  2-8.  CONTACT  LOAD  AND  ACTUATION  RATE  INTERACTIONS 
(TOTAL  FAILURE-SWITCHES) 


Actuation  Rate 

Contact  Load 

(c.p.  m. ) 

5  amps 

10  amps 

1 5  amps 

70 

5.  3  3 

4.68 

4.03 

150 

5.  22 

4.69 

4.  33 

300 

5.  18 

4.63 

3.61 

5  amps, 

5  amps, 

S  amps, 
10  amps, 
10  amps, 
10  amps, 
15  amps, 
15  amps, 
1 5  amps, 


70  cpm  =  5.  33 

1 50  cpm  =  5.  22 

Group  1 

300  cpm  =  5.  18 

. 

1 50  cpm  =  4.  69 

1 

70  cpm  =  4.  68 

•  Group  2 

300  cpm  =  4.  63 

1 50  cpm  =  4.  33 

Group  3 

70  cpm  =  4.  03 

Group  4 

300  cpm  =  3.  61 

Group  5 

These  groupings  indicate  that  actuation  rates  over  the  range  of  70  to  300 
cycles  per  minute  do  not  result  in  different  mean  lives  for  switches  at 
contact  loads  of  either  5  amps  or  10  amps.  However  when  15  ampr  are 
applied  to  the  contacts,  contact  load  interacts  with  actuation  rate.  At  300 
cycles  per  minute  the  life  is  shortest;  probably  due  to  severe  heat  build  up 
and  then  welding.  On  the  other  hand,  70  cycles  also  suffers  from  the  same 
problem.  It  appears  that  150  cycles  per  minute  offers  a  compromise  at 
15  amps  between  heat  buildup  due  to  fast  cycling  and  heat  buildup  due  to  long 
closure  time  of  the  contacts.  In  summary  then  it  appears  that  from  both  sets 
of  t  tests  performed  on  total  failure  data,  and  from  the  analysis  of  first  miss 
results,  the  most  logical  candidate  for  an  accelerated  test  is  iu  the  test  runs 
at  10  amps  and  .010  inches  overtravel.  Actuation  rate  did  not  significantly 
affect  mean  life  but  obviously  300  cycles  per  minute  results  in  a  test  that 
can  be  performed  in  the  shortest  calendar  time.  Test  Run  #15  was  per¬ 
formed  at  10  amps,  .010  inches  overtravel  and  300  cycles /minute. 
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2.  3.  I.  2  COMPARISON  OF  FIRST  MISS  AND  TOTAL.  FAILURE  RESULTS 


The  purpoie  of  this  section  is  to  compare  the  results  obtained  by  testing 
with  the  failure  definition  of  snap  action  switches  described  as  first  miss 
and  again  as  total  failure  (100  consecutive  misses).  The  analyses  of  variance 
that  were  performed  on  both  sets  oi  data  resulted  in  the  selection  of  nearly 
similar  sets  of  stresses  as  jignificant  contributors  to  different  mean  lives 
of  switches.  The  only  exception  was  that  total  failure  picked  up  the  inter¬ 
action  of  actuation  rate  and  contact  load  which  becomes  a  factor  at  15  amps. 
The  residual  term  of  the  analysis  of  variance  of  first  miss  data  was  .113, 
and  it  was  .  100  for  the  total  failure  results.  Both  analyses  pointed  to  Test 
Run  #15,  (10  amps,  .010  inches  overtravel  and  300  cycles  per  minute)  as  a 
suitable  accelerated  test  for  comparison  with  test  run. 

As  another  measure  of  the  similarity  of  the  results  obtained  by  the  two 
different  failure  criteria,  a  linear  regression  analysis  was  performed  with 
the  sample  mean  values  of  each  test  run  at  first  miss  as  the  dependent  vari¬ 
able  and  the  comparable  values  of  total  failure  data  as  the  independent  vari¬ 
able.  The  correlation  coefficient  computed  was  .  972.  The  two  sets  of  results 
yield  answers  that  are  quite  similar.  On  this  basis  it  seems  reasonable  to 
suggest  that  a  method  of  reducing  test  time  is  to  test  only  until  first  miss. 

2.  3.  2  FAILURE  ANALYSIS  OF  SNAP  ACTION  SWITCHES 

At  the  conclusion  of  the  test  to  total  failure,  each  switch  was  opened  for 
inspection  by  making  a  small  saw  cut  through  an  outside  wall  of  the  switch. 
This  enabled  a  visual  evaluation  of  the  interior  mechanism  of  the  switch  with¬ 
out  disturbing  the  mechanical  relationships  of  the  parts. 

Using  a  jewelers  eye  piece  with  7X  magnification,  the  interior  parts  were 
examined  for  specific  failure  mode.  With  only  two  exceptions,  all  switch 
failures  fell  into  one  or  more  of  the  following  modes: 

1.  Leaf  spring  and/or  common  contact  burned  off.  (Many  cases  of  con¬ 
tact  burn  off  permitted  excessive  leaf  movement  to  a  position  such 
that  the  over  center  spring  maintained  the  leaf  in  the  normally  open 
position. ) 

2.  Leaf  spring  annealed  and/or  distorted.(insufficient  return  force  or 
distortion  limits  the  movement). 

3.  Contacts  welded  (normally  closed  contact-tc  common  contact). 

4.  Leaf  spring  wedged  by  loose  common  contact  (normally  closed  side  of 
contact  button  burned  off  and  permitted  remainder  of  contact  to  loosen 
and  fall  from  leaf  spring.  Contact  then  moved  inside  of  the  housing 
until  the  leaf  spring  was  wedged). 

5.  Contact  surface  oxidised  or  foreign  material  insulated  contact  to 
extent  that  operating  voltage  didn't  break  thru  surface. 
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The  five  number*  given  above  will  be  used  as  code  numbers  to  designate 
each  of  the  failure  modes  throughout  this  report. 

The  two  exceptions  to  the  above  failure  modes  were: 

#216  -  switch  apparently  developed  a  short  to  ground  and  literally  burned 
up. 

#291  -  leaf  spring  fractured. 

Since  the  latter  two  failures  were  only  one  of  a  kind  and  definitely  did  not  have 
any  indication  of  a  "normal"  type  pattern,  they  were  classed  as  isolated  cases 
and  not  to  be  considered  in  the  overall  pattern. 

The  results  of  the  failure  mode  analysis  are  shown  in  Table  2-9.  The  two 
and  three  digit  numbers  in  each  cell  of  the  matrix  are  the  identifying  serial 
numbers  assigned  to  each  switch  tested.  The  numbers  following  each  switch 
serial  number  represent  the  failure  mode  found  on  inspection  of  that  part. 

The  numbers  used  are  1  through  5  and  these  refer  to  the  code  numbers  used 
in  the  failure  mode  definitions  given  above. 

The  findings  based  on  the  failure  analysis  that  are  apparent  in  Table  2-9 
are  as  follows: 

•  The  predominant  failure  mode  observed  at  5  amps  was  burned  con¬ 
tacts.  At  10  amp 8  and  .010"  and  .015"  overtravel,  this  was  also  true. 

•  The  predominant  failure  mode  at  15  amps  was  welded  contacts.  This 
was  also  true  at  10  amps  and  .005"  overtravel. 

•  The  effect  of  actuation  rate  on  failure  mode  is  most  pronounced  at 
15  amps  and  the  higher  overtravel  test  conditions.  Test  runs  #24 
and  27  (300  cycles  per  minute)  show  a  higher  incidence  of  failure 
mode  3  (welded  contacts)  than  did  Test  Runs  #23  and  26  (150  cycles/ 
minute)  and  Test  Runs  #22,  and  25  (70  cycles /minute). 

•  The  effect  of  overtravel  as  an  accelerating  factor  was  the  reverse  of 
what  was  originally  expected.  As  overtravel  increased  so  did  mean 
life.  The  smaller  overtravel  and  high  currents  resulted  in  more 
welded  contacts.  This  is  due  to  the  fact  that  the  higher  overtravels 
produced  a  greater  wiping  action  and  also  resulted  in  a  greater  break¬ 
away  force  which  would  not  result  in  failure  if  the  contacts  were  only 
lightly  welded. 

2.  3.  3  ANALYSES  RELATED  TO  SWITCH  LIFE  DISTRIBUTION  FUNCTIONS 

The  analyses  described  up  to  this  point  have  been  related  to  the  differences 
in  mean  cycles  to  failure  when  different  combinations  of  stresses  were 
applied.  An  equally  important  objective  of  the  study  is  to  estimate  the 
characteristics  of  the  life  distribution  functions  of  snap  action  switches 
operated  at  dif/erent  levels  of  combined  stresses  of  contact  load,  contact 
overtravel  and  actuation  rate. 
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Due  to  the  similarity  of  results  between  first  miss  and  total  failure  data 
found  thus  far,  this  part  of  the  analysis  has  been  performed  only  on  first 
miss  failures. 

2.  3.3.  I  WEIBULL  PLOTS 

The  results  of  Test  Run  1  (normal  conditions)  and  each  of  the  26  test  runs 
at  accelerated  conditions  were  plotted  on  Weibull  probability  paper.  These 
plots  are  shown  in  Appendix  VI- 1  (Figures  VI-1  through  VI-27).  The  line  of 
best  fit  was  drawn  through  the  plotted  points  based  on  calculations  on  a  com¬ 
puter  using  the  method  of  least  squares.  The  abscissa  on  the  Weibull  plots 
is  number  of  cycles  to  first  miss.  The  scale  is  coded  for  maximum  clarity 
in  presenting  information  on  the  graph.  The  points  are  plotted  on  the  ordinate 
at  the  median  rank  values  for  a  sample  size  of  10  (Reference  13). 

Included  on  each  Weibull  plot  is  the  shape  parameter  (fi)  and  the  scale 
parameter  (a).  The  a  shown  on  each  chart  is  a  coded  value  which  is  depend¬ 
ent  on  the  time  scale  used.  A  discussion  of  decoding  to  real  time  is  included 
in  Appendix  VI- 1. 

Each  of  the  Weibull  plots  is  identified  by  a  test  run  number  and  the  level 
of  each  of  the  accelerating  stresses  which  were  used  in  combination. 

In  general  the  fit  of  the  plotted  points  to  the  calculated  line  of  best  fit  is 
quite  good.  There  arc  instances  where  some  form  of  mixed  Weibull  might 
have  fit  the  data  better.  Test  Run  #2  is  an  example  of  this,  although  the 
failure  analysis  in  the  tested  parts  did  not  reveal  any  visual  reason  for  the 
failure  pattern.  Test  Run  #7  (15  amps,  .015  inches  overtravel,  and  70  cycles 
per  minute)  is  also  an  example  of  a  mixed  Weibull  in  operation.  However  no 
reason  for  the  early  failures  could  be  found  in  the  failure  analysis. 

Test  Runs  10  and  12  also  contain  several  points  that  do  not  follow  the 
expected  line  of  best  fit.  In  these  two  test  runs  there  was  a  failure  mode 
change  occurring.  Several  parts  failed  due  to  welding  and  the  remainder 
due  to  contact  erosion  and  material  transfer. 


*V 

The  Weibull  shape  parameters  (/}),  the  coded  scale  parameters  (a^),  and 
the  uncoded  scale  parameters  (aQ)  for  each  of  the  27  switch  test  runs  are 
summarized  in  Table  2-10,  They  are  located  in  matrix  form  for  ease  of 
associating  the  Weibull  parameters  calculated  in  each  test  run  with  the  com¬ 
bined  stresses  applied  during  the  test. 

2.  3.  3.  2  TESTS  FOR  GOODNESS  OF  FIT 

A  great  deal  of  literature  exists  which  claims  the  Weibull  is  a  good  fit  for 
electromechanical  device  failure  distributions.  From  a  purely  statistical 
standpoint,  the  Weibull  distribution  is  quite  versatile  and  able  to  describe  a 
wide  variety  of  physical  phenomena.  However,  due  to  the  fact  that  the 
methods  of  analysis  and  conclusions  of  this  report  depend  heavily  on  the 
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prevailing  distribution  function  it  was  felt  necescary  to  test  the  validity  of 
the  Weibull  assumption.  Three  tests  of  the  goodness  of  fit  were  used: 

1.  F  test 

2.  Kolmogorov  -  Smirnov  test 

3.  Comparison  of  test  run  sample  means  with  tne  means  estimated  from 
the  Weibull 

It  would  have  be>n  preferable  to  use  a  X2  goodness  of  fit  test,  but  only  ten 
observations  per  test  run  were  available.  To  use  this  test,  the  data  must  be 
divided  into  cells  containing  a  minimum  of  five  observations.  Therefore  only 
2  cells  per  test  run  could  be  formed  from  the  10  observations  available.  The 
X  test  requirement  of  n-3  degrees  of  freedom  where  n  equals  the  number  of 
cells  demonstrates  the  impossibility  of  using  a  X2  test. 

Since,  for  the  Weibull  distribution  lnln  1/1 -F(x)  is  a  straight  line  in 
log(x),  Weibull  data  plotted  on  Weibull  paper  results  in  a  straight  line.  These 
various  lines  for  the  test  runs  were  fitted  by  least  squares  using  as  an  estimate 

•i*i)  the  order  statistic  the  median  rank.  The  regression  line  was  then 
used  to  estimate  fl  ,Yo  (The  estimates  of  these  quantities  are 

denoted  by  a .  £  .  y0.  £ .  ) 

It  should  be  kept  in  mind  that  none  of  the  three  tests  used  (or  any  test  for 
that  matter)  has  a  great  deal  of  sensitivity  for  the  small  number  (per  test 
run)  of  observations  available. 

1.  The  F  Test. 


,  This  test  involves  test.ng  for  the  significance  of  the  regression  in  tht 
Weibull  plot  by  analyzing  the  variance  of  the  lifetimes  (for  each  test  run)  into 
its  component  parts  and  forming  the  ratio 


F 


l.n-2 


Myan  Square  Due  to  Regression 
Residual  mean  Square 


Under  the  hypothesis  of  no  significant  regression  both  the  numerator  and 
denominator  of  this  quantity  estimate  the  variance  of  the  lifetimes.  Hence 
a  significant  F  means  a  significant  fit. 


The  calculated  F  value  for  each  of  the  test  runs  is  shown  in  Table  2-11. 

F,05  value  for  1  and  8  degrees  of  freedom  which  must  be  exceeded  in 
order  to  signify  that  the  test  data  does  fit  the  Weibull  distribution  is  5.32. 
The  F  0l  value  for  the  same  situation  is  11.3.  It  U  seen  that  every  one  of 
the  27  test  runs  fits  the  Weibull  distribution  at  the  level  of  the  F  m  level  of 
significance. 


2.  Kolmogorov  -  Smirnov  Test. 


This  one  sample  procedure  provides  a  test  of  whether  an  empirical 
distribution  function  agrees  with  a  specified  theoretical  distribution.  In  this 
case  the  specified  theoretical  distribution  is  the  Weibull  with  parameters  a 
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TABLE  2-11.  F  TESTS  FOR  GOODNESS  OF  FIT  (SWITCHES) 


Te*t  Run 


1 


3 

4 

5 

6 

7 

8 
9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 
22 

23 

24 

25 

26 
27 


Note:  F  05  »  5.  32 


11.3 


F  Ratio 


147.  ' 

24.9 
207.  3 

42.9 
85.  3 
19.4 
11.  3 

199.0 
116.  7 

17.6 

66.7 

50.8 
116.  7 

51.  1 
58.  1 
58.0 

66.9 
93.6 

63.8 
43.  1 
47.  5 
72.2 
35.0 

85.4 
48.0 

93.9 

93.5 
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$  obtained  from  the  regression  line.  If  Sn(X)  it  the  empirical  cumulative 
distribution  function  and  F(X)  the  theoretical,  the  statistic  used  is: 

D  *  max  ||F(X)  -  Sn(X)l| 

The  percentage  points  of  D  have  been  tabulated  by  F.  J.  Massey  (JASA  4f>, 

70).  All  of  the  switch  test  runs  were  deemed  to  fit  the  Weibull  from  the 
Kolmogorov  -  Smirnov  tests. 

3.  Comparison  of  Means. 

The  expectation  of  (the  sample  mean  of  test  run  i)  is  equal  to  the 
population  mean  /s.  For  the  Weihull  it  is  known  that  fi  r  a*'^r  O /£  *  1). 
Hence  if  the  Weibull  is  a  good  fit  (for  a  test  run)  X^  and  Mj  -  a  ( 1  /fi  +  1) 
should  be  "reasonably"  close.  Although  the  sampling  distribution  (lor  small 
samples)  of  X  from  a  Weibull  is  not  known  in  closed  form,  large  discrep¬ 
ancies  between  Xj  and  y j  for  some  i  were  obvious.  These  discrepancies 
were  usually  due  to  infant  mortalities. 

The  comparisons  of  Xj  and  i*i  *re  shown  in  Table  2-12.  The  Test  Runs 
#7,  10,  17,  18  and  25  are  the  ones  in  which  Xj  and  exhibit  differences 
that  are  large.  A  reference  to  the  Weibull  plot  of  each  of  these  substantiates 
the  test.  Test  Run  4 7  definitely  shows  signs  cf  being  a  mixed  Weibull.  Test 
Run  #10  contains  some  parts  that  failed  by  welding  of  the  contacts  and  some 
that  failed  by  erosion  and  material  transfer.  Test  Run  17,  18  and  25  each 
contain  early  failures  wh.\ch  may  have  been  cases  of  infant  mortality. 

4.  Tests  for  Infant  Mortality. 

Two  estimates  of  the  Weibull  mean  (for  each  test  run)  were 
obtained.  First  Weibull  graph  paper  was  used  to  find  (by  letit  squares)  a 
line  giving  cij  and  P{.  Then  using  known  relations  between  fiy  and  yxly0i 
s  a.  1  /fi  i)  an  estimate  yx  of  yx  was  available,  i.  e. : 


Secondly,  since  E(X^)  =  ±  |  E(Xi)  ♦  —  +  E(Xn)  J  =  <2) 

(where  Xj  is  the  sample  mean  of  test  run  i)  an  unbiased  estimate  of  ft  was 
obtainable  from  the  failure  data  of  test  run  i.  Note  that  since  the  first 
method  used  the  method  of  least  squares  the  estimate^  of  a  and  fi  were 
essentially  maximum  likelihood  estimates  and  hence  y  is  what  amounts  to  a 
maximum  likelihood  estimate.  Now  it  is  cumbersome  to  obtain  the  sampling 
distribution  of  X  from  a  Weibull  distribution  especially  when  n  is  small. 
However,  a  visual  inspection  (by  test  run)  of  the  discrepancy  between  Xj 
(i  the  test  run)  and  yx  as  obtained  from  (1)  certainly  indicates  whether  or  not 
the  Weibull  was  a  reasonable  fit  since  if  it  is  not  y j  is  not  a  good  estimator 
of  y j.  In  most  cases  where  a  large  discrepancy  occurred  (e.  g. ,  relays  test 
run  number  23,  X  =  428,552,  =  25,000,000)  between  pi  and  Xj  it  was  an 

obvious  case  of  infant  mortality.  However,  for  this  "test"  of’early  failure 
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TABLE  2- 12.  COMPARISON  OF  X  AND  FOR  SWITCHES 


Tr»t  Rut 

Y 

i 

Mi 

1 

197. 715 

195,  220 

2 

126.  892 

129.  050 

3 

95.  922 

97, 460 

4 

174,  383 

174,610 

5 

142,233 

147. 180 

6 

121,837 

142,  445 

7 

151.  577 

215.  250 

8 

108, 031 

106, 560 

9 

161, 982 

1 59,  *>60 

10 

9.  287 

7,  777 

1 1 

4.  075 

4.  076 

12 

3.992 

4.099 

13 

17,816 

16.783 

14 

13,  801 

14,  028 

1  5 

13.  72  5 

14.  500 

16 

65,  358 

64.  750 

17 

38.  056 

47,  223 

18 

30,  858 

40,2  50 

19 

2.  791 

2.  838 

20 

4.  864 

4.  978 

21 

2.  548 

2.  777 

22 

2,  048 

5.' 162 

23 

4,839 

4.  790 

24 

3.415 

3.  780 

25 

7.  333 

9.  512 

26 

6.896 

6.672 

27 

6.213 

6,  541 
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one  is  unable  to  assess  the  type  1  and  II  errors  associated  with  it  and  moreover 
it  only  "tests"  if  the  Weibull  is  a  good  fit,  not  if  there  is  an  early  failure.  The 
results  of  this  test  are  given  in  Table  2-12. 

The  following  test,  which  used  the  first  order  statistic,  i.e.,  the  minimum 
of  the  sample,  has  the  property  that  its  type  I  and  type  II  errors  can  be 
assessed.  If  test  run  number  i  is  really  Weibull  with  parameters  a;  ar.d  0^ 

then  the  probability  that  Xjj  =  min  I  xjj  J  (where  for  switches  j  =  1,  2, - , 

10  and  for  relays  j  -  l,  2, - ,  5)  is  less  than  some  fixed  value  x  is  given 

by  (for  switches  say): 


P(xn  <  x)  =  1  -  P(xu  2  x)  (3) 

If,  however,  xji  2  x  then  so  are  the  other  9  failure  times  because  x^  s  xi: 

j  =  2,  3, - ,  10.  On  the  other  hand,  if  all  ten  failure  times  are  >  x  then 

certainly  Xjj  is.  Hence: 


1  -  P(xu  2  K) 
and  then 

P(xu  <  x)  =  1 

and  for  relays 

P(xjt  <  x)  =  1 


(4) 


(5) 


where 

— x^i  la. 

F^x)  =  1  -  e  1 


(6) 


Thus  if  test  run  i  is  really  Weibull  with  and  then  (again  for 
switches: 

I  l10 

Q  =  P  (the  smallest  failure  time  <  XjA)  =  1  -  j  1  -  F^(x^)|  (7) 

Now  if  this  number  Q  is  too  small  say  Q  <  .  01  then  certainly  the  first  failure 
i.e.,  Xjj,  has  occurred  abnormally  early  and  thus  Fi  (x^)  in  (7)  provides  a 
"statistic"  to  test  the  hypothesis  that  the  first  failure  is  too  early.  One  can 
set  the  type  I  error  (.01  in  this  case)  at  any  level  desired.  The  type  II  error 
(saying  an  early  failure  did  not  occur  when  it  did)  must  be  evaluated  in  terms 
of  what  a  and  0  really  hold.  The  results  indicated  no  early  failures. 
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2.  3.  3.  3  CUMULATIVE  FAILURE  DISTRIBUTIONS 


The  cumulative  failure  distributions  for  each  of  the  27  test  runs  have  been 
plotted  and  are  shown  in  Appendix  I. 

Their  importance  in  the  theory  of  accelerated  testing  is  based  on  the 
following  properties; 

1.  The  comparison  between  the  cumulative  distribution  function  under 
accelerated  conditions  and  the  cumulative  distribution  function  (prob¬ 
ability  of  failure  before  time  x)  under  normal  conditions  indicates 
persistent  acceleration. 

2.  The  "relative"  rapidity  with  which  the  accelerated  conditions  kill  units 
off  in  the  time  (cycle)  intervals  of  interest. 

In  many  important  cases  of  life  testing  mechanical  devices,  the  Weibull 
distribution  often  provides  a  good  fit  to  failure  times.  The  form  of  the 
Weibull  is: 

P  (life  <  x)  =  Cumulative  Distribution  Function  =  F(x) 
jcfi 

F(x)  =  1  -  e  x  »  0;  e  >  0;  /J  >  C. 

It  is  expected,  from  pieseat  evidence,  that  this  particular  distribution 
(with  y  =  guarantee  time  -  0)  will  be  a  good  model  for  the  failure  time 
distributions. 

It  should  be  pointed  out  that  the  cumulative  failure  distribution  plots  and 
the  Weibull  plots  (Appendix  VI- 1)  pres-nt  basically  the  same  information. 
However, the  cumulative  failure  distribution  plots  were  prepared  for  each 
test  run  because  they  are  easier  to  use  in  comparing  the  probabilities  of 
failure  of  parts  operated  at  different  combinations  of  stresses.  The  Weibull 
plots  show  the  same  information  but  are  presented  with  the  use  of  different 
time  scales  thus  making  physical  comparison  difficult. 

An  analysis  of  the  cumulative  failure  distribution  charts  indicates  that  all 
of  them  except  Test  Run  #7  meet  the  criteria  of  reducing  the  life  of  switches 
more  quickly  than  Test  Run  #i  (3  amps.,  .005  inches  overtravel,  and  70  cpm) 
which  was  designated  as  normal  operating  conditions.  It  can  be  remembered 
from  the  discussion  on  goodness  of  fit  that  Test  Run  #7  exhibited  mixed 
Weibull  properties. 

In  the  final  selection  of  the  optimum  set  of  accelerated  test  conditions,  the 
relationship  of  the  failure  distributions  as  compared  to  normal  operating 
conditions  will  be  one  of  the  factors  determining  the  final  selection  of  a  test 
method. 
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2.  3.  3.  4  CALCULATION  OF  HAZARD  RATES 


Another  parameter  of  interest  of  the  switches  tested  at  each  of  the  27 
combinations  of  environmental  and  operating  stresses  is  that  of  hazard  rate. 
The  hazard  rate  is  represented  by  the  expression  h(x)  =/?  xfl  ~  1 

a 

where 

fi  -  the  Weibull  shape  parameter 
a  -  the  Weibull  scale  parameter 
x  =  time  in  cycles 

Since  it  has  been  determined  that  the  failure  of  the  switches  under  study  is 
described  by  the  Weibull  distribution,  the  hazard  rate  of  each  test  run  is  time 
dependent  except  in  cases  where  the  Weibull  shape  parameter  (0)  is  equal  to 
I  (which  is  the  constant  failure  rate  exponential  distribution). 

Table  2-13  is  a  listing  of  the  hazard  rates  of  each  Test  Run  with  first  miss 
as  failure  criterion.  The  hazard  rate  for  each  set  of  conditions  is  given  for 
time  x  =  10,  100,  and  1000.  From  these  points  a  graphical  presentation  of  the 
hazard  rates  can  be  easily  plotted  on  log  log  paper. 

The  hazard  rate,  h(x),  is  formally  defined  as  the  conditional  rate  of  failure 
at  x  given  survival  to  time  x  i.  e.  , 


P(x  <  death  <  x  +  Ax  |  survival  to  x)  s  h(x) 


h(x)  is  an  important  quantity  for  two  reasons:  1)  it  measures  the  failure 
in  terms  of  x  and  hence  provides  one  of  the  criteria  for  selecting  an  accel- 
erated  test;  2)  it  can  form  a  basis  for  relating  accelerated  and  normal 
environments. 


2,  3.  3.  5  CONFIDENCE  LIMITS  FOR  WEIBULL  PARAMETERS 


The  line  of  best  fit  for  each  test  run  of  switches  was  calculated  by  the 
method  of  least  squares.  The  slope  of  the  linear  regression  line  is  the 
Weibull  shape  parameter  (0)  and  the  intercept  is  log  (X)  where  o  is  the 
Weibull  scale  parameter.  Tables  2-14  and  2-15  represent  the  95%  confidence 
limits  about  the  slopes  and  intercepts  of  the  calculated  regression  lines. 

2.  3.  4  ANALYSIS  OF  SWITCH  OPERATING  PARAMETERS 


A  side  experiment  was  performed  during  the  accelerated  life  tests  on  snap 
action  switches.  It  consisted  of  the  initial  and  periodic  measurement  of  the 
following  operating  parameters: 

Contact  resistance  (normally  open) 

Contact  resistance  (normally  closed) 
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TABLE  2-13.  HAZARD  RATES  FOR  SNAP  ACTION  SWITCHES 
WHERE  FAILURE  CRITERION  IS  FIRST  MISS 


Hazard  Rate  (x  10*®) 

Test  Run 

x  s  10  cycles 

x  =  1000  cycles 

1 

. 888  x  10"8 

.  104  x  10‘4 

.  1226  x  10*1 

2 

.  57  x  10-2 

.  37  x  10° 

.  24  x  102 

3 

.  183  x  101 

.  325  x  102 

.  578  x  103 

4 

. 638  x  10-12 

.  8  x  10-8 

.  Ill  x  10-3 

5 

.  1095  x  103 

.  549  x  103 

.275  x  104 

6 

.  3315  x  104 

.709  x  104 

. 1515  x 105 

7 

.  11  x  108 

.  89  x  1 0  5 

.716  x  105 

8 

.  539  x  102 

. 373  x  103 

.258  x  104 

9 

.  17  x  102 

. 132  x  103 

.  1025  x  lO"5 

10 

.  12  x  10? 

. 123  x  107 

.  126  x  107 

11 

.  214  x  104 

. 39  x  105 

.71  x  106 

12 

.  557  x  102 

. 453  x  104 

.  368  x  106 

13 

.242  x  106 

.  3196  x  106 

.  421  x  106 

14 

.2  x  105 

.677  x  105 

.229  x  106 

15 

.  6925  x  106 

.6925  x  106 

.6925  x  106 

16 

. 6085  x  10-12 

.  312  x  10-7 

.  16  x  102 

17 

.  582  x  103 

.  32  x  104 

.  176  x  105 

18 

. 143  x  107 

.862  x  106 

.  519  x  106 

19 

. 1926  x  105 

.  1926  x  106 

.  1926  x  107 

20 

. 1977  x  105 

12a  x  106 

.787  x  106 

21 

.  21  x  107 

.295  x  107 

.  363  x  10* 

22 

.206  x  105 

.  ! 27  x  I0fc 

.  783  x  10& 

23 

.  578  x  104 

.605  x  105 

.634  x  106 

24 

. 424  x  107 

. 345  x  107 

.28  x 107 

25 

.  42  x  107 

.248  x  107 

.  146  x  107 

26 

. 146  x  106 

.  343  x  106 

.823  x  106 

27 

.  104  x  107 

. 122  x  107 

.  143  x  107 
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TABLE  2-14.  CONFIDENCE  LIMITS  FOR  fi  (SWITCHES) 


Test  Run 

1 

4.07 

2 

2.81 

3 

2.  25 

4 

5.  12 

5 

1.  70 

6 

1.  33 

7 

.  906 

8 

1.  84 

9 

1.  89 

10 

1.01 

11 

?..  26 

12 

2.91 

13 

1.  12 

14 

1.  53 

15 

l.  00 

lb 

5.  718 

17 

1. 74 

18 

.78 

19 

2.  00 

20 

1.  80 

21 

1. 09 

22 

1.79 

23 

2.  02 

24 

.91 

25 

.77 

26 

1,  38 

27 

1.07 

£(.  02  5) 

0(.  975) 

3.  896 

4.  244 

2.  427 

3.  193 

2.  075 

2.  425 

4.  812 

5.  428 

1.473 

1. 927 

1.005 

1.655 

.  497 

1.  315 

1.690 

1.990 

1.697 

2.083 

.  578 

1. 442 

2.  003 

2.  517 

2.  621 

3.  199 

.929 

1.311 

1.248 

1.812 

.  736 

1.264 

5.439 

5.979 

1.485 

1.989 

.  557 

.997 

1. 869 

2.  131 

1.  586 

2.014 

.  889 

1.285 

l.  557 

2.027 

1.682 

2.  354 

.699 

1.  121 

.479 

1.065 

1.  165 

1.603 

.  846 

1.288 
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TABLE  2.15.  CONFIDENCE  LIMITS  FOR  a0  (SWITCHES) 


Test  Run  aQ 


1 

5.  38  5  x  10*1 

&• 

3.  175  x  1 0 1  9 

3 

2.  187  x  10> 1 

4 

1.  058  x  1 0^7 

5 

7. 778  x  108 

6 

8.  577  x  106 

7 

66. 066 

8 

2. 362  x  109 

9 

8. 623  x  109 

10 

8576 

11 

L  917  x  108 

12 

4.  244  x  10 10 

13 

60.  895 

14 

2.  594  x  106 

15 

14,  440 

16 

4.812  x  1 027 

17 

1 . 642  x  1 08 

18 

328b 

19 

1. 0  38  y  l  o7 

20 

5.  745  x  106 

21 

5586 

22 

5.  361  x  106 

23 

3.  659  x  107 

24 

1745 

25 

1078 

26 

231,  564 

27 

12, 100 

ao(.  02  5) 

ao(.  97  5) 

4.  408  x  1021 

6.  51 1  x  1021 

2.  065  x  1014 

4. 831  x  1014 

1.796  x  lOH 

2.  6 52  x  101  1 

7.  456  x  1028 

1. 485  x  1027 

6.  057  x  108 

9.  986  x  I08 

5.  970  x  106 

1.226  x  107 

41,798 

103,839 

1. 995  x  109 

2.  803  x  109 

7. 509  x  109 

1 .  1  54  x  1 0 1 0 

52  57 

13,867 

1.449  x  108 

2.  562  x  108 

3.082  x  1010 

5.  845  x  1 0 1  0 

48.862 

75,  113 

1.884  x  108 

3. 537  x  108 

10,  805 

19,  492 

3.  532  x  1027 

6. 436  •  1027 

1.207  x  108 

2.  112  x  108 

2634 

4299 

9.  025  x  108 

1. 206  x  107 

4.  520  x  106 

7.  305  x  106 

4397 

6828 

4.  192  x  106 

7.  052  x  106 

2. 488  x  107 

5.  2 1 4  x  107 

1375 

2200 

767.2 

1484 

185,  407 

302, 644 

9329 

15,  227 
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Operate  force 
Release  force 

The  objective  was  to  note  how  these  parameters  changed  during  the  life 
cycle  of  a  switch  when  it  was  operated  at  different  combinations  of  stresses. 

The  results  of  this  analysis  were  inconclusive.  This  was  very  likely  due 
to  measurement  errors  which  were  large  relative  to  the  actual  changes  in  the 
parametric  values  over  time. 

2.  4  SELECTION  OF  ACCELERATED  RELIABILITY  TEST  METHOD 
(SWITCHES) 

The  general  procedure  for  locating  desirable  test  runs  for  use  as  accel¬ 
erated  reliability  test  methods  is  described  in  Section  1.4.  The  application 
of  the  rules  outlined  there  to  the  results  generated  in  this  study  on  snap  action 
switches  is  given  in  Table  2-16.  Each  test  run  except  Test  Run  1  (normal 
operating  conditions)  is  compared  to  each  of  the  factors  defined  as  measures 
of  a  good  or  bad  accelerated  test  method. 

The  application  of  the  rules  stated  on  the  following  page  to  the  26  possible 
combinations  of  accelerating  stresses  investigated  during  this  study  program 
on  snap  action  switches  results  in  the  following  logic: 

From  the  analysis  of  variance  and  its  accompanying  t  tests,  contact  load, 
actuation  rate,  and  overtravel,  as  well  as  the  contact  load  and  overtravsl 
interaction  and  contact  load  and  actuation  rate  interaction  were  significant  in 
affecting  switch  life.  However,  all  of  the  tests  performed  at  5  amps  resulted 
in  mean  lives  that  could  not  be  recognized  as  being  significantly  shorter  than 
Test  Group  1.  Hence  Test  Runs  2  through  9  are  eliminated  from  contention. 

The  t  tests  indicated  that  the  1  5  amp  test  runs  and  those  at  10  amps  and 
.005  inches  overtravel  belonged  to  the  group  displaying  the  shortest  mean 
lives.  However,  the  failure  analysis  discovered  that  these  test  runs  were 
characterized  by  a  change  in  failure  mode.  Welding  rather  than  the  burning 
off  of  the  contacts  took  over  as  the  predominant  failure  observed  in  these  test 
runs.  This  leaves  as  candidates  test  runs  13,  14  and  15,  the  3  actuation 
rates  at  10  amps  and  .010  inches  overtravel  and  16,  17,  and  18,  the  3 
actuation  rates  at  10  amps  and  .015  inches  overtraveL 

Test  Run  16  displays  signs  of  a  failure  mode  change.  Four  of  the  ten 
switches  in  this  group  failed  due  to  failure  mode  2  (blade  distorted  and  an¬ 
nealed)  while  the  other  six  failed  in  the  same  manner  as  Test  Group  1  (leaf 
spring  burned  off).  On  this  basis  this  test  run  is  eliminated  from 
consideration. 

Tect  Runs  17  and  18  gave  indications  of  not  fitting  the  Weibull  in  the  good¬ 
ness  of  fit  tests  which  compared  ,u^  and  3c  (Table  2-12). 

This  leaves  Test  Runs  13,  14  and  15.  Reference  to  the  cumulative  density 
functions  of  each  of  these  (Figure  1-5)  indicates  that  Run  13  exhibits  a  lower 
probability  of  failure  than  the  other  two  runs.  Test  Run  1  5  has  the  highest 
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7ABLE  2-16.  FACTORS  FOh  SELECTING  DESIRABLE  ACCELERAT 
RELIABILITY  TEST  METHODS  (SNAP  ACTION  SWITCHES) 


•10 


SECTION  3.0  CRYSTAL  CAN  RELAYS 


3.  1  SUMMARY 


This  section  is  devoted  to  the  presentation  of  all  of  the  data  generated  on 
crystal  <an  relays  during  the  course  of  this  study  program.  It  begins  by 
giving  the  details  of  the  mathematical  studies  conducted  to  establish  stresses 
and  stress  levels  vchuh  contributed  most  heavily  in  th.'  rrduttion  of  both  the 
number  of  cycles  to  first  miss  and  number  of  cycles  to  total  failure.  The 
failure  times  are  studied  in  an  attempt  to  establish  th  failure  distribution 
assoc  ’.ated  with  each  set  of  combined  stresses.  The  results  of  each  of  these 
series  of  analyses  are  combined  with  the  findings  of  the  analysis  of  failed 
parts.  These  then  are  used  as  ground  rules  for  selecting  the  most  promising 
test  runs  for  further  study  as  possible  accelerated  reliability  test  methods. 

A  total  of  135  relays  were  tested  during  the  study  program.  Five  parts 
were  operated  at  normal  operating  and  environmental  stress  levels.  These 
conditions  were  defined  as  follows: 

Contact  load  3  amps 

Ambient  temperature  2 5°C 

Actuation  rate  1  cycle/ second 

Five  relays  were  also  tested  at  each  of  26  other  combination  >•{  these  three 
stresses  in  the  form  of  a  cull  factorial  experiment.  The  contact  lo'.  ri  used 
were  3,  6.  and  8  amps.  The  ambient  temperatures  were  25°C,  100°C,  and 
150°C.  The  actuation  rates  were  1.  10,  and  30  cycles  per  second. 

The  cycles  to  first  mi»:  of  each  relay  were  recorded  as  well  as  the  num¬ 
ber  of  cycles  at  third  miss  which  was  defined  as  total  failure.  An  analysis  of 
variance  was  performed  on  both  the  first  miss  and  on  the  total  failure  data. 

Its  purpose  was  to  identify  those  stresses  and  interactions  of  stresses  which 
significantly  affected  the  life  of  this  relay. 

The  following  stresses  were  found  to  affect  relay  life  under  their  respec¬ 
tive  failure  definitions: 


Contact  Load 


1st  Miss  Total  Failure 
X  X 


Ambient  Temperature  X  X 

Interactions  (Contact  Load  and  X  X 

Temperature) 


As  a  measure  of  the  magnitude  of  the  contribution  of  each  of  the  applied 
stresses  to  the  total  variance,  the  components  of  variance  were  calculated. 
Contact  load  was  by  far  the  most  important  factor  affecting  relay  life  since 
it  contributed  48%  of  the  total  variance  in  the  first  miss  analysis  and  49% 
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come  from  populations  **uh  hkemfiili^  'tV  rUn*  Ur,e'  lhv  *  could  have 

account.  The  relay,  operand If V,  u  .r*ted  '<‘,t  method*  «•"  th,, 

*  failure  node  cha^e Tn  SI  r„e  *mp,  exhibited  the  shortest  mean  life  but 

the  usefulness  of  th.*,  stress  levll  V”*' '  *  ^e!din«  ,howf<1  UP  »hus  negating 
tested  at  6  amp  ‘  Tit  ^  V /"  ac  c  el<‘ ratlri8  The  relays 

transfer  w h*c  h  * ..  also  d-‘o  contact  eros.on  and  material 

Run  1  (normal  condign,,  preva,'nt  ™d*  observed  in  Test 

very^osHy  wnh^tho  «  m  "?  f,r“  m,S#  f*ilure  d^‘ni«,on  concurred 

failure). 

plotted  W^butl  p  Ilba  b,°h  ty  V^pl  rFr  ThT  W^buU  ^h*'  MCh  *"*  run.wa" 

scale  parameter  (a)  were  cal  cuL^d  f  Welb.u11  *h;lPe  parameter  (0)  and 

.h,  lb  Jthr r  co„,b,„,tlo„,  J  IT'*’  Ru"  "  *"d 

was  as  med  to  be  zero  TS-  1  ,  »»e  ibull  location  parameter  (A) 

rates  for  each  test  run  werlllS^  n  f?,lu*e  dl,tr,butlon  *nd  hazard 

Each  relay  tested  was  opened  and  vi3_”lly  examined  unde-  . 
to  determine  :he  reason  for  failure  The  -  «  i^  ,  .u  d  microscope 

™ J^.ws£ssx,  ~r- - - ••-'•' 

anaiy.es.  Both  Te.  Ru„  14  £  i  hV*rd  *nd  *>»«  -f*‘l*d  part. 

3.  2  DETAILS  OF  THE  INVESTIGATION 
3.  2.  1  SELECTION  OF  STRESSES 


follIwtn'.'^LVc.Vr'm.c0.'  ""  »»h  U« 

Double  Pole.  Double  Throw 

Contact  Load  Rating . .  amp> 
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C>>nUtt  Voltage 
A>  tuition  Rilr 


in  Vi.a.  DC 


To  J3  ChIm/VioM 

Coil  Krmtuntr  .........................  67SOHMS 

Coil  Volti^f  ............................  26  S  Volt* 

T  r  •  ■ perature  H  a  n  gr  .....................  -66C  to  * l*S  ’C 

THr  (ollowir.il  stress**  wrer*  (ontidrrrd  (or  .nil  us  ion  in  the  it'uty  pr  >(rar> 
to  r»  uluitr  mvironn  r nl*  or  cprri>in|  condition*  that  would  rrduir  rrtty  in* 

*1  *om*  prrdutablr  rat* 

Ai  tuition  Rat* 

Coil  Voltage 

Vibration 

Contact  Voltage 

Ambient  Temperature 

Contact  Load 

Contamination 

Th*  cntrna  (or  selecting  thr  *tr***e*  to  be  applied  »tr* 

I.  proL  bl*  elfect  on  li(*  and/or  tr*t  tim* 

2  probable  e((ect  on  failure  mod* 

1.  unilormity  ol  application  at  itmul  level*  or  throughout  •  given 
rang* 

4.  complexity  of  teat  »et  up 

5.  ease  of  control  of  stre**** 

b.  ai  curacy  of  measurement  of  *tre**e* 

An  evaluation  of  thr  suggested  *trr**e*  ir.  thr  light  of  the  above  ob'C.tive* 
resulted  in  the  selection  of 

Contact  load 

Actuation  rale 

An. blent  temperature 

! 

i 

4) 

f 
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The  selection  of  operating  levels  of  these  stresses  began  with  a  definition 
of  normal  operating  conditions.  This  was  necessary  since  a  benchmark  was 
required  with  which  to  compare  accelerated  test  results.  Therefore,  nor- 
mat  conditions  were  defined  as  3  amps  contact  load,  ambient  tempera  ure  of 
25°C,  and  an  actuation  rate  of  one  cyclc/seccnd.  Slower  actuation  rates 
were  considered  but  had  to  be  discarded  because  of  time  limitations. 

Preliminary  screening  U  were  run  to  establish  the  feasible  limits  of 
each  stress.  For  example  some  relays  were  tried  at  10  amps  and  at  12  amps 
contact  load.  In  a  similar  manner,  there  was  a  probing  type  study  of  the 
other  parameters  to  establish  feasible  levels 

The  final  selection  of  stresses  for  inclusion  in  the  study  was: 


Contact  Load:  3.  6  ana  8  amps 

Ambient  Temperature:  25°C,  lOO0*".  and  150°^ 

Actuation  Rate:  l.  10  and  30  cycles/ second 

A  description  of  the  physical  test  methods  and  equipment  developed  for 
relay  testing  is  given  in  Appendix  V-2. 


3.  2.  2  STATISTICAL  EXPERIMENTAL  DESIGN 

In  order  to  evaluate  not  only  the  main  effects  of  the  applied  stresses  on 
the  life  of  relays,  but  also  their  interactions,  a  full  3  factorial  experiment 
was  specified.  Five  relays  wore  tested  at  each  cf  27  combinations  of ™e 
selected  stresses.  Each  cf  the  test  runs  was  numbered  as  shown  in  Table  3-1 
for  simplicity.  These  Test  Run  Number  designations  will  be  used  through¬ 
out  the  discussion.  Test  Run  1  (3  amps.  25°C.  and  1  cycle/ second)  is 
designated  as  normal  operating  conditions. 

TABLE  3-1.  FACTORIAL  EXPERIMENT  ON  CRYSTAL  CAN  RELAYS 


Actuation  Rate  (cycles/ second) 


Contact  Load  (amps) 

1 

3  6  8 

10 

3  6  8 

30 

3  6  8 

t  l  25 

100 

g  0.0, 

<  jj  150 

H 

(1)  (4)  (7) 

(?)  (5)  (8) 

(3)  (6)  (9) 

(’0)  (13)  (16) 

(11)  (14) (17)  ! 

(12)  (15)  (18) 

(19)  (22)  (25) 

(20)  (23) (26) 

(21)  (24) (27) 

Note:  The  numbers  in  parentheses  are  designations  used  throughout  the 

study  to  identify  each  of  the  27  test  runs.  For  example  Test  Run  22 
consists  of  5  relays  operated  at  6  amps,  25°C  and  30  cycles  per 
second.  Each  test  run  contains  5  relays. 
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3.  2.  3  DEFINITION  OF  FAILURE 


The  major  objective  cf  the  test  program  on  relays  wa r  to  search  fe;  an 
accelerated  reliability  test  metnod.  This  made  it  important  to  analyse  si' 
test  data  by  two  different  failure  definitions.  The  first  one  defined  failure 
as  th  first  miss  {failure  of  the  contacts  to  make  or  break).  A  second 
failure  definition  was  selected  as  cycles  to  total  failure  (total  inoperation 
of  the  part).  Contractual  schedules  made  it  mandatory  to  revise  the  defini¬ 
tion  of  total  failure  to  the  number  of  cycles  to  3rd  miss.  Therefore  records 
were  made  cf  the  number  of  cycles  at  which  the  first  miss  occurred  and  then 
tl  •»  test  was  continued  until  third  mis*.  Two  separate  analyses  were  made 
to  see  if  the  results  of  the  two  failure  deiinitions  resulted  in  similar  con¬ 
clusions.  If  ‘.he  results  from  both  were  the  same,  then  test  time  could  be 
.mmcdiately  reduced  by  testing  only  to  first  miss. 

3.  3  PRESENTATION  OF  TEST  RESULTS 


Fiv?  relays  were  tested  in  each  of  27  test  runs.  Each  test  run  was 
defined  in  terms  of  3  controlled  stresses  (environmental  or  operating). 
Contact  load  was  applied  at  3,  6.  and  8  amps,  actuation  rates  were  1,  0 

and  30  cycles  per  second,  ambient  temperature  was  controlled  at  25°,  100°, 
and  150°  centigrade.  The  tycles  to  first  miss  of  all  135  relays  included  in 
the  study  are  summarized  in  Tat’e  3-2.  The  test  runs  are  numbered  i  >27 
beginning  in  the  upper  left  hand  co.ne;  of  the  matrix  and  continuing  dow.i  in 
the  columns  and  is  so  shown  by  the  number  at  the  bottom  of  each  cell  of  the 
matrix.  For  example  Test  Run  1  (normal  conditions)  is  the  five  relays 
operated  at  3  amps  contact  load,  25°C,  and  1  cycle  per  second.  Test  Run  9 
is  the  five  relays  operated  at  8  amps  contact  load,  150°C,  and  1  cycle  per 
second.  The  mean  value  of  each  test  run  is  designated Xand  is  shown  in 
each  cell  of  the  matrix.  Test  Run  l  was  designated  as  "normal  operating 
conditions"  and  the  ether  26  runs  were  construed  to  be  combinations  of 
stresses  *.hat  would  induce  either  a  different  mean  number  of  cycles  to  first 
miss,  or  different  failure  distribution  parameters.  It  was  the  objective  of 
this  study  to  find  some  set  of  combined  stresses  which  would  result  in  a  test 
run  time  which  was  shorter  than  Test  Run  1,  and  that  could  be  related  to  it 
by  some  transformation  function. 

The  cycles  to  total  failure  for  the  same  135  relays  described  above  are 
presented  in  Table  3-3. 

3.  3.  1  ANALYSIS  OF  VARIANCE 

The  statistical  method  used  for  discovering  the  stresses  or  combinations 
of  stresses  which  reduce  relay  life  was  the  analysis  of  variance.  It  is  based 
on  the  assumption  that  there  is  equal  variance  in  each  cell  of  the  factorial 
experiment.  An  inspection  of  the  number  of  cycles  to  first  miss  of  the 
relays  tested  indicated  that  this  was  not  the  case.  A  method  of  dealing  with 
this  problem  is  suggested  by  Davies  (Reference  14).  It  involves  the  use  of 
a  logarithmic  transformation  in  cases  where  the  variance  is  proportional  to 
the  magnitude  of  the  mean.  It  also  tends  to  normalize  the  data.  Therefore 
this  procedure  was  used  before  the  analysis  of  variance  was  performed. 
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1i  t  ••ult*  of  the  inalvii*  of  variance  on  f i r f»t  min  data  are  presented 
in  Tau..  3-4.  TSe.  indications  are  tha‘  contact  loads,  temperatures,  and  the 
first  order  interaction  between  conta' t  loads  and  ‘emperatures  are  the 
stresses  that  significantly  affect  the  life  of  tie  rel.ys  under  study.  The 
comparison  o'  the  "F  Ratio"  column  with  the"F.05"  column  in  Table  3-4 
mesents  the  results  of  the  significance  tests.  Tie  F  ratio  of  actuation 
rates  was  3.  04  while  a  value  greater  than  3.  07  was  required  for  significance. 
This  is  probably  an  indication  that  actuation  rate  does  in  fact  affect  the  life 
of  this  type  of  relay  but  the  differences  are  notircable  over  a  wider  range 
of  values  than  were  included  in  this  experiment. 


TABLE  3-4.  ANALYSIS  OF  VARIANCE  -  REI-AYS  (FIRST  MISS) 


Source  of  Variance 

Sum 

of 

Squares 

Degrees 

of 

Freedom 

Mean 

Squares 

F 

Ratio 

Fos 

V*  of 

Contribution 
To  Variance 

Between  Actuation 
Rates 

3.695 

1. 848 

3.  04 

3.  07 

0 

Between  Contact 

Loads 

61. 656 

2 

30. 828 

50. 65* 

3.07 

48.  0 

Interactions  Between 
Actuation  Rate. 
Contact  Load 

2.  370 

4 

1.  185 

1.95 

2.45 

0 

Between 

Temperatures 

4.  387 

2 

?.  193 

3.60* 

3.07 

2.  5 

Interactions  Between 
Actuation  Rate. 
Temperature 

3.  762 

4 

.  9*1 

1.  55 

2.45 

0 

Interactions  Between 
Contact  Load  and 
Temperature 

7.  438 

4 

1. 860 

3.06* 

2.45 

5.9 

Interactions  Between 
Actuation  Rates, 
Loads 

Temperatures 

5.  236 

8 

.  654 

1. 00 

2.  02 

0 

Residual 

65.738 

108 

.  609 

43.6 

Total 

154.  282 

134 
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A*  in  the  cair  of  the  data  on  cycle*  to  first  min,  the  total  failure  data 
»a*  converted  to  a  more  statistically  useful  form  by  meant  of  a  logarithmic 
transformation.  The  rraults  of  the  analysis  of  variance  for  total  failure  are 
"howl,  in  Table  3-5.  Again  contact  load,  temperature,  and  the  contact  load- 
temperature  interaction  are  the  significant  affectors  of  eyelet  to  failure. 

To  obtain  a  clearer  meaning  of  the  magnitude  of  the  contribution  to 
variance  of  the  significant  factoia,  calculation*  were  made  of  the  components 
of  variance.  These  results  for  first  miss  shown  in  the  right  hand  column  of 
Table  3-4  indicate  that  contact  load  is  responsible  for  48%  of  the  variance 
observed  in  this  experiment.  The  interaction  between  temperature  and 
contact  load  produced  5.  9%  of  the  total  variation.  It  was  further  indicated 
that  2  5%  of  the  variation  was  a  direct  result  of  the  different  temperature 
levels  used,  while  43.  6%  of  the  variation  is  residual  variance. 

TABLE  3-5.  ANALYSIS  OF  VARIANCE  FOR  RELAYS  TO  TOTAL  FAILURE 


Source  of  Variance 

Sums 

of 

Squares 

Degrees 

of 

F  reedom 

Mean 

Squares 

**  F 
Ratio  *.05 

%of 

Contribution 
To  Varian:e 

Between  Actuation 
Rates 

2. 39033 

2 

1.  19517 

2.25  3.07 

0 

Between  Contact 
Loads 

56. 00185 

2 

28. 00093 

52.72*  3.07 

49  0 

Interactions  Between 
Actuation  Rates, 
Contact  Load 

1.21974 

4 

. 30494 

.57  2.45 

0 

Between 

Temperatures 

4.  32667 

2 

2. 16334 

4.07*  3.07 

3.0 

Interactions  Between 
Actuation  Rates, 
Temperatures 

1. 98908 

4 

.49727 

.94  2.45 

0 

Interactions  Between 
Contact  Loads, 
Temperatures 

6. 17958 

4 

1.  54490 

2.91*  2.45 

5.4 

Interactions  Between 
Actuation,  Contact 
Loads, 

Temperature 

5.  05228 

8 

.63154 

1.19  2.02 

0 

Residual 

57.35920 

108 

. 53110 

42.6 

Total  134.51873 

134 

-'Denotes  significance  at  the  F  level. 
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Residual  variance  it  a  conglomeration  of  the  differences  from  part  to  part, 
testing  error,  and  variations  due  to  other  stresses  that  may  not  have  been 
controlled  during  th«?  experiment.  Another  possible  source  of  error  included 
may  have  been  the  infant  mortality  failure  of  several  of  the  parts  at  the 
higher  stress  levels. 

The  components  of  variance  for  total  failure  in  the  right  hand  column  of 
Table  3-5  lists  49%  of  the  variance  as  explainable  by  the  differences  in  con¬ 
tact  load.  The  interaction  accounted  for  5.  4%  nnd  temperatures  for  3%. 

The  residual  was  42  6%.  Therefore,  the  results  of  the  analyses  performed 
to  date  on  both  first  miss  and  total  failure  criteria  are  very  similar. 

3.  3. 1.  1  t  TESTS 

The  analysis  of  variance  indicated  that  the  main  effects  of  contact  load 
and  temperature  and  the  interaction  between  these  two  stresses  affected  the 
life  of  relays.  To  gain  knowledge  of  the  manner  in  which  they  affected  mean 
life  it  is  necessary  to  perform  a  series  of  t  tests  to  recognize  the  test  runs 
which  result  in  mean  cycles  to  failure  that  are  significantly  different. 

Since  actuation  rate  was  not  significant  it  is  reasonable  to  lump  the  data 
across  all  levels  of  it  before  performing  the  t  tests  to  evaluate  the  differences 
between  the  means  of  the  significant  stress  levels.  This  combination  resulted 
in  the  logarithmic  mean  values  shown  in  Table  3-6  for  the  data  on  first  miss. 


TABLE  3-6.  CONTACT  LOAD  AND  TEMPERATURE  INTERACTIONS  - 

RELAYS  (FIRST  MISS) 


Temperature 

Contact  Load 

3  amps 

6  amps 

8  amps 

25°C 

5.739 

5.  189 

3.766 

100°C 

6.056 

5.  148 

4.  132 

150°C 

6.010 

5.  069 

4.940 

The  t  test  calculations  are  as  follows: 


where  ij  -  ig  1  the  difference  between  any  two  cells  above  cell  values 
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1.66  > 


*1  *  *2 


609  A  .  609 

~rr *  tt 


.47 


*  the  residual  error  term  from  the  analysis  of  variance 

n  *  th.»  .'ample  site  of  each  cell 
t  05 -  Student*  t  value  for  a  significance  level  of  .  OS 


Therefore  a  difference  of  greater  than  .47  between  any  two  value*  in  the 
above  matrix  suggest*  a  high  probability  that  they  came  from  populations 
with  different  means.  Inspection  of  the  matrix  shows  that  the  combined 
stress  treatments  fall  into  the  following  groups: 


3  amps.  100°C  =  6.  056 
3  amps.  1 50°C  =  6.  010 
3  amps,  25°C  =  5.  739 

6  amps.  25°C  =  5.  189] 
6  amps.  100°C  «  5.  148  I 
6  amps,  1 50°C  =  5.  069; 
8  amps.  1S0°C  =  4.  940  J 

8  amps,  100°C  =  4.  1321 
8  amps,  25°C  =  3.  7661 


Group  1 


Group  2 


Group  3 


The  implication  here  is  that  the  variation  within  each  group  could  have 
occurred  by  chance.  The  variation  between  groups  is  large  enough  to  say 
with  confidence  that  the  observed  differences  were  due  to  the  significant 
stresses  applied  or  to  their  interactions. 

A  closer  analysis  therefore  says  that  at  3  amps  of  contact  load  the  differ¬ 
ences  observed  between  all  3  levels  of  temperature  and  all  3  levels  of 
actuation  rate  were  not  large  enough  to  say  that. they  did  not  occur  by  chance. 
This  same  condition  held  for  the  parts  operated  at  6  amps.  However  an 
interaction  between  temperature  and  contact  load  at  1S0°C  and  8  amps 
respectively  also  made  the  relays  tested  at  these  conditions  a  member  of 
group  2  with  respect  to  mean  cycles  to  first  mist.  Group  3  is  mad*  up  of  the 
test  conditions  which  resulted  in  an  even  greater  reduction  in  mean  cycles  to 
first  miss. 


An  explanation  of  the  physical  meaning  of  Groups  1,  2,  and  3  is  in  order. 
Group  1  includes  Test  Run  No.  1  (3  amps,  25°C,  1  cycle/ second)  which  was 
designated  as  normal  operating  conditions.  All  the  other  test  runs  were 
selected  in  the  hope  of  inducing  a  shorter  number  of  cycles  to  failure  in  an 
orderly  manner  in  order  to  be  able  to  specify  a  useful  accelerated  test 
method. 
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The  analytic  of  varia.n'e  *'igge#trd  that  i  ont.n  t  l<'ad  the  greatest 

contributor  to  reduc  ing  the  mean  numhf  r  of  cycles  to  failure.  i  he  other 
stresses  applied  to  the  relay#  operated  at  )  amp#  changed  the  life  character - 
iatica  in  a  random  manner.  Six  amp#  contact  load  accounted  for  a  large 
reduction  in  average  cycle*  to  first  mm.  Eight  ar-p*  ind  1  S0l’(.  produced 
similar  results.  The  interaction  can  probably  be  explained  in  the  follow  ng 
terma.  At  l  50°C  there  ia  outgassing  organic  mater ‘al  from  either  the 
coil  or  insulation  material.  It  is  hypothesised  that  this  material  forms  on 
the  contacts  and  reduce#  the  probability  of  the  c  .intacts  sticking  and  welding. 

The  t  testa  on  the  total  failure  data  resulted  in  almost  identical  results. 
The  matrix  of  logarithmic  meana  lumped  across  actuation  rates  is  shown  in 
Table  3-7. 


TABLE  J-7.  CONTACT  LOAD  AND  TEMPERATURE  INTERACTIONS 


Temperature 

Contact  Load 

3  amps 

6  amps 

8  amps 

25°C 

5.  865 

5.  246 

3.  905 

100°C 

6.  167 

5.  276 

4.  432 

1 50°C 

6.069 

5.  214 

5.  051 

The  interval  required  for  aignificance  at  the  t,05  level  between  any  twe  of 
the  above  meana  was  calculated  to  be  .44. 


Therefore  the  cells  in  the  above  matrix  fall  into  the  following  groups: 


3  amps,  100*0  =  6.  167 
3  amps.  1 50°C  -  6.069 
3  amps,  25°C  -  5.  885 

6  amps,  1  )0°C  =  5.276 
6  amps,  25°C  *  3.  246 
6  amps,  150°C  *  5.214 
8  amps.  1 50°C  -  5.05L 

8  amps.  100°C  -  4.432 

8  amps.  25°C  =  3.905 


Group  1 


Group  2 


Group  3 
Group  4 


Group  1  is  representative  of  normal  operating  conditions,  while  Groups  2, 
3,  and  4  are  cases  where  the  combined  stresses  reduced  the  mean  life. 

This  grouping  incidentally  is  exactly  the  same  as  was  found  in  the  first  miss 
data,  except  that  the  first  miss  data  analysis  showed  that  8  amps,  100°C, 
and  8  ampa,  25°C  were  not  significantly  different  from  each  other.  Groups  3 
and  4  above  are  thought  to  be  unsuitable  tor  use  as  accelerated  reliability 
test  methods  because  the  stresses  induced  were  so  severe  that  they  caused 
many  initial  failures.  Also  the  analysis  of  the  failed  parts  from  these  cells 
reflected  this  severity  in  the  form  of  a  greater  incidence  of  early  failures  due 
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ti  i  >nt*it  \*  H  i  g  The  ri  for  r  ba  »f  d  on  the  an  aly  «i  •  cone  luded  to  this  point, 
it  w  Mild  appv.t  r  t'-at  the  m  >«?  logwal  set  <u  itrruri  to  be  investigated  for 
u"'  ■>  *  ,»n  avirlcratcd  reliability  tr»t  method  is  one  of  the  test  runs  from 
Group  2  . 

3.  3  1  2  COMPARISON  OF  FIRST  MISS  AND  TOTAL  FAILURE  RESULTS 

The  i na ly* i •  of  variance  performed  on  the  data  where  failure  was  defined 
a#  first  miss,  indicated  that  the  stresses  affecting  relay  life  were  contact 
load,  temperature,  a, id  thi  interactions  between  contact  load  and  temperature. 
These  same  factors  were  ngnifuant  after  an  analysis  of  the  reeulta  where 
total  failure  (3'd  rims)  was  the  definition  of  failure.  Furthermore  the  com* 
ponents  of  variance  study  produced  results  that  were  extremely  similar  in 
both  cases.  The  residual  variance  of  first  miss  data  was  .609  while  for  total 
failure  it  was  .  S3  1 . 

The  t  test*  found  the  same  combinations  of  effects  belonged  to  groups 
which  could  hive  como  ircm  populations  with  the  same  mean. 

Based  on  these  similarities  of  results,  it  was  assume,*  that  the  same 
results  could  be  obtained  iy  analysing  data  from  either  first  miss  or  from 
third  miss  (so  called,  total  fclure).  Since  reduced  test  time  is  one  of  the 
objectives  of  aci  rler.»ted  testing  it  would  seem  that  all  future  analyses  of  this 
type  could  oe  limited  to  first  tubs. 

As  an  additional  measure  of  how  well  the  first  miss  and  total  failure  test 
results  agreed,  a  linear  regression  was  performed.  The  objective  was  to 
calculate  the  correlation  coefficient  using  the  mean  values  of  each  of  the 
27  test  runs.  The  total  failure  means  were  considered  the  independent 
variable  while  the  first  miss  means  were  the  dependent  variable.  The  cor¬ 
relation  coefficient  was  991.  This  is  cousidered  another  strong  justification 
for  basing  fut»  re  resul.s  on  first  miss  information. 

3.  3.  2  FAILURE  ANALYSIS  OF  CRYSTAL  CAN  RELAYS 


At  the  conclusion  of  the  test  to  total  failure,  each  relay  was  removed  from 
its  can  and  inspected  under  a  microscope  to  establish  the  reason  for  failure. 
A  detailed  description  of  the  inspection  report  for  each  relay  is  given  in 
Appendix  III. 

The  failure  modes  detected  and  the  definition  of  each  is  as  follows: 


1.  Material  transfer  between  the  normally  open  contact  and  the  blade.  t 

increased  the  contact  gap  beyond  the  limits  of  blade  travel.  1 

2.  Material  erosion  from  the  normally  open  contacts  or  from  the  blades, 
increased  the  contact  gap  beyond  the  limits  of  blade  travel. 

3.  Normally  open  contacts  welded  to  the  blade. 

4  Normally  open  contact  melted,  forming  into  a  droplet  or  ball,  reducing  l 
the  contact  gap.  ? 


5.  Blade  became  distorted  so  that  the  normally  open  contact  make* 
before  the  normally  closed  contact  breaks. 

The  numbers  designating  each  of  the  failure  modes  defined  above  are 
shown  in  Table  3-8.  The  failure  mode  of  each  relay  tested  is  shown  beside 
the  number  identifying  each  part. 

A  general  conclusion  is  immediately  evident  from  this  table.  The  relays 
operated  at  8  amps  in  most  cases  reflected  a  high  incidence  of  welding 
(Failure  Mode  No.  3)  and  melting  of  contacts  (Failure  Mode  No.  4).  The 
contacts  of  the  relay  were  bifurcated  and  unless  they  were  perfectly  aligned 
the  8  amp  load  literally  destroyed  the  part  quite  quickly.  It  can  probably 
be  safely  assumed  that  8  amps  is  beyond  the  upper  limit  of  usefulness  as  an 
accelerating  factor  since  it  definitely  introduces  a  change  in  failure  mode. 

It  can  be  noted  from  Table  3-8  that  even  the  8  amp  test  runs  at  150°C  (the 
ones  which  were  reflections  of  the  interaction  between  contact  load  and 
temperature  in  the  analysis  of  variance)  experienced  come  initial  failures  in 
the  form  of  welded  contacts  after  only  one  to  ten  actuations  (see  the  asterisks 
in  Test  Runs  7,  9.  and  27). 

Other  observations  from  the  standpoint  of  failure  mode  analysis  seem  to 
indicate  that  6  amps  and  1  cycle  per  second  tends  to  result  in  some  welding 
(No.  3)  and  melting  (No.  4).  This  condition  is  not  evident  at  10  and  30  cycles 
per  second.  A  satisfactory  explanation  of  this  is  given  by  Yanikoski 
(Reference  55).  He  points  out  that  higher  actuation  rates  result  in  lower 
mean  temperature  rises.  This  explains  the  much  longer  mean  life  found  in 
the  present  study  at  higher  actuation  rates  and  the  change  in  failure  modes 
experienced  at  6  amps  and  1  cycle  per  second. 

Failure  modes  1  (material  transfer)  and  2  (material  erosion)  are  closely 
allied.  It  is  questionable  as  to  whether  they  should  have  been  described 
separately.  The  appearance  is  that  they  represent  a  matter  of  degree  of 
severity  of  the  effect  of  the  same  failure  mechanism. 

In  summary  the  failure  analysis  suggests  that  the  most  desirable  ranges 
of  stresses  for  use  as  accelerated  reliability  test  methods  is  in  the  area  of 
6  amps  contact  load  and  the  higher  actuation  rates.  The  test  runs  at  3  amp 
loads  nearly  all  result  in  mean  cycles  to  failure  not  significantly  different 
from  Teat  Run  1  (normal  conditions)  and  8  amps  is  too  severe  since  it  causes 
initial  failures  and  erratic  performance  unless  the  parts  are  perfect  speci¬ 
mens.  Six  amps  and  either  of  the  two  highest  actuation  rates  seem  desirable 
since  they  display  the  same  failure  mode  as  Test  Run  1.  The  higher 
temperature  levels  Jesuit  in  random  life  patterns  with  the  suspicion  that 
Test  Runs  23  and  24  do  not  fit  the  Weibull  distribution.  Also  a  test  at  dif¬ 
ferent  than  room  temperature  must  clearly  demonstrate  superiority  in  order 
to  merit  the  use  of  the  additional  equipment. 

3.  3.  3  ANALYSIS  RELATED  TO  RELAY  LIFE  DISTRIBUTION  FUNCTIONS 

The  data  analysis  methods  utilized  in  the  study  of  accelerated  reliability 
test  methods  for  relays  follows  the  procedure  used  in  the  study  of  switches. 
The  same  procedure  of  studying  the  life  distribution  functions  of  relays  on 
first  miss  data  only  will  be  followed. 
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3.  3.  3.1  WEIBULL  PLOTS 

A  pint  on  Weibull  probability  japer  of  cycle*  to  fir.t  mi**  for  each  of  the 
27  refay  te*t  run.  wa*  prepared.  The  line  of  beet  fit  wa.  calculated  or .the 
computer  by  the  method  of  lea.t  equare*  and  drawn  o.'  each  chart.  The 
Weibull  chart,  are  presented  in  Appendix  VI -2.  The  ordinate tor.  the  chart*, 
which  i*  percent  defective,  wa*  taken  a*  the  median  ran*  value  The  *cale 
used  on  the  cycle,  to  failure  axi*  wa.  .elected  for  ea.e  of  plotting  the  data 
and  for  clarity  in  u.ing  the  graph  for  verifying  the  calculation.  o(ay  and  0 
The  o  (Weibull  .cale  parameter)  a.  it  appear,  on  each  chart  i.  in  coded 
form.  The  decoding  theory  and  method  are  di.cua.ed  in  detail  »» 

Appendix  Vl-1  of  thi.  report.  The  e.timate.  of  the  Weibull  parameter, 
e^er  eince  onlv  five  relay,  were  included  in  each  te»t  run.  However,  m 
of  the  plot,  exhibit  reasonably  good  Weibull  fit..  In  .ome  ca.e.  however 
the  range  of  cycle,  to  fir.t  mi.,  wa.  .o  great  that  three  cycle  paper  wa.  not 
eufficient  to  allow  plotting  of  all  the  point..  Thi.  •Nation  Prev»’1*? 

Te.t  Run.  7.  8,  16.  24.  25.  It  i.  intere.ting  to  note  that  four  out  of  five  of 
these  te.t  run.  were  at  contact  load,  of  8  amp*.  The.e  were  te.t  condition, 
where  many  early  failure,  were  experienced  due  to  the  deterioration  or 
welding  of  one  arm  of  the  bifurcated  normally  open  contact. 

Several  te.t  run.  .uch  a.  number.  4.  10.  13.  14  a"d *3,f l^ater  t\f  ", 
ance  that  perhaps  they  would  di.play  much  different  Weibull  parameter.  ll  a 
few*more  c>b*e*  vatio*n.  were  avaflaJle  and  if  .ome  of  the  early  ^ilurejwere 
discarded  from  inclusion  in  the  .election  of  the  line  of  be.t  fit.  The  Weibull 
parameter,  calculated  for  them  .hould  be  u.ed  ^th.r'»*rv‘U°n>c^ 
of  the  av  (coded  Weibull  .cale  parameter).  aQ  (uncoded  Weibull  .cale  param 
eter)  and  0  (Weibull  .hape  parameter)  i.  .hown  in  Table  3-9. 

3.  3.  3.  2  TESTS  FOR  GOODNESS  OF  FIT 

The  te.t.  for  goodne..  of  fit  of  each  of  the  27  te.t  run.  to  it.  respective 
Weibull  distribution  were  performed  on  relay,  in  the  .ame  manner  a.  on 
ewitchea.  The  reader  i.  referred  to  Section  2.  3.  3.2  for  the  explanation,  of 
the  principle,  underlying  the  u.e  of  each  of  the  three  te.t*.  The  result, 
were: 

1.  F  Te.t. 

The  F  te.t.  performed  on  the  27  relay  te.t  run.  indicated  that  all  fit 
the  Weibull  at  the  F.05  lavel  of  significance  except  Te.t  Run.  14  and 
23  It  will  be  recalled  that  the.e  run.  were  al.o  mentioned  a.  suspect 
from  the  vi.ual  in.pection  of  the  Weibull  plot*.  The  pattern  at  the 
F  oi  level  of  .ignificance  i.  much  more  clouded  a.  might  be  .u.pected 
with  only  5  ob.ervation.  per  te.t  run.  The  F  te.t  result,  are  .hown 
in  Table  3-10.  The  check  mark,  in  the  table  are  indication,  of  lack 
of  proof  of  the  Weibull  fit  at  the  indicated  level  of  .igrificance. 

2.  Kolmogorov  -  Smirnov  Te.t. 

The  Kolmogorov  -  Smirnov  Te.t  for  goodne..  of  fit  wa.  applied  to 
each  of  the  27  relay  te.t  run.  and  it  indicated  that  in  all  case,  the 
Weibull  distribution  could  have  been  applicable. 


56 


I 


TABLE 


Note: 


$.\Q'  F  TEST  FOR  GOODNESS  OF  WEIBULL  FITS  (RELAY) 


Teat  Run 

F  Ratio 

F.  05 

F.  01 

1 

23.8 

X 

2 

23.8 

X 

3 

83.  0 

4 

15.0 

X 

5 

32.8 

X 

6 

27.8 

X 

7 

12.  3 

X 

8 

58.  4 

9 

27.8 

X 

10 

58.6 

11 

83.0 

12 

105.0 

13 

27.6 

X 

14 

5.  3 

X 

X 

15 

50.8 

16 

30.0 

X 

17 

140.0 

18 

23.9 

X 

19 

50.  1 

20 

82.8 

21 

58.6 

22 

30.9 

X 

23 

1.0 

X 

X 

24 

58.  3 

25 

27.7 

X 

26 

82.8 

27 

23.8 

X 

F.05  *  10.1 


3-  Comparison  of  x.  and  ;i. 

The  third  and  perhaps  the  most  sensitive  method  used  for  measuring 
goodness  of  fit  cf  the  relay  test  data  to  the  Weibull  distribution  was 
by  a  comparison  of  the  expected  value  of  the  Weibull  distribution 
being  fit  to  the  test  Hata  and  the  mean  of  the  test  data.  The  explana¬ 
tion  of  the  justification  for  its  use_ia  covered  in  Section  2.  3.  3.  2  of 
this  report.  The  va.ues  of  and  are  compared  in  Table  3-11. 

By  examining  the  difference  between  the  two  values  one  can  easily 
pick  out  certain  cells  th-t  do  not  fit  the  Weibu  l  distribution  plotted 
for  them,  For  instance.  Test  Runs  7,  8,  16.  17.  23.  24.  25  display 
great  differences.  Five  of  these  are  relays  that  had  been  run  at  8 
amps  and  a  considerable  number  of  early  failures  were  noted.  Test 
Runs  23  and  24  were  conducted  during  a  period  when  trouble  was  ex¬ 
perienced  on  the  miss  detection  equipment  and  hence  the  data  in  both 
of  those  cells  is  suspect.  Test  Runs  2,  and  14  exhibit  a  fairly  large 
difference  between  x*  and  m  which  is  probably  due  to  early  failure  in 
each  of  these  runs. 


3.  3.  3.  3  CUMULATIVE  FAILURE  DISTRIBUTIONS 


The  cumulative  failure  distributions  of  each  of  the  27  relay  test  runs  are 
shown  in  Appendix  11.  Oue  of  the  ground  rules  established  for  the  selection 
of  an  accelerated  test  is  that  the  probability  of  failure  of  the  accelerated 
test  method  must  be  higher  at  a’l  points  over  the  range  of  interest  than  that 
of  the  parts  tested  under  normal  conditions.  Only  Test  Runs  2.  3,  11,  12, 

19.  20  and  21  fail  to  meet  this  rule  of  thumb.  They  happen  to  be  test  runs’ 
where  the  contact  loads  was  also  3  amps  and  most  of  them  lasted  longer  than 
Test  Run  1  in  terms  of  mean  cycles  to  failure.  From  the  remaining  possible 
test  runs  it  remains  to  select  a  test  run  in  which  the  probability  of  failure  rises 
quite  quickly  and  yet  where  no  failure  mode  change  occurs.  Failure  mode 
changes  occurred  at  8  amps  in  most  cases.  Hence,  the  selection  ac-iears  to 
e  narrowed  to  the  6  amps  contact  load.  It  appears  from  comparing  the 
charts  of  the  failure  density  functions  of  these  runs  the  most  favorable  ones 
are  4,  24,  5.  and  14. 


3.  3.  4  CALCULATION  O*  HAZARD  RATES 


One  of  the  properties  of  the  relays  operated  at  the  various  combined  en¬ 
vironmental  and  operating  stresses  that  is  of  interest  is  the  hazard  rate. 
Vnderwlhe  that  the  life  of  relays  is  according  to  the  Weibull 

distribution,  then  the  hazard  rate  is  represented  by  tlie  expression 

|  tp-‘  where 

P  =  Weibull  shape  parameter 
Qs  the  Weibull  scale  parameter 
t  s  time  in  cycles 

A  plot  of  the  hazard  rate  of  each  test  run  can  be  easily  made  from  the  infor¬ 
mation  in  Table  3-12.  Three  values  of  t  are  given  and  utilizing  these,  the 
time  variant  hazard  rates  can  be  plotted  on  log  log  paper. 
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TABLE  3-11.  COMPARISON  OF  ^  AND*.  OF  RELAY  TEST  RUNS 


T*at  Run 


1 

a79. 440 

67  5.842 

2 

1.072.000 

678. 790 

3 

938. 000 

885,  750 

4 

118.450 

103.668 

S 

233. 700 

214.757 

6 

239, 760 

225.  353 

7 

1,012,  500 

72,681 

8 

104, 000 

17,638 

9 

42. 182 

41.  321 

10 

399, 840 

353,273 

11 

1.766.000 

1,762,647 

12 

1.291.680 

1.  162.951 

13 

278, 380 

258.  522 

14 

222. 300 

146,275 

15 

246.240 

239.474 

16 

2,088.000 

79.  962 

17 

78. 200 

45,613 

18 

278. 100 

231,035 

19 

1,  160.900 

1,  118,691 

20 

2,405.  700 

2,299,030 

21 

1,772,000 

1,774,647 

22 

327,760 

282,724 

23 

25,000.000 

428. 552 

24 

957. 000 

256, 182 

25 

182,000 

69,604 

26 

127,845 

118,362 

27 

140, 304 

139.  184 
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TABLE  3*12.  HAZARD  RATES  FOR  RELAYS  WHERE  FIRST  MISS 

DENOTES  FAILURE 


Tf*S  Run 

t  ■  10 

t  «■  ICO 

t  «  1000 

1 

. 986  *  10'  3 

.  472  x  10*2 

.226  x  10’ 1 

2 

.  369  x  10* 

. 169  x  102 

.771  x  10* 

3 

. 102  x  10° 

.  166  x  10° 

.269  x  10° 

4 

.  473  x  102 

. 2£5 x  102 

.  172  x  102 

* 

.291  x  102 

.  179  x  102 

.  Ill  x  102 

6 

. 133  x  10*2 

. 918  x  lo’* 

.635  x  1C** 

7 

.289  x  1C4 

. 513  x  103 

.913  x  102 

8 

.427  x  104 

.813  x  IQ3 

.  155  x  103 

9 

.  147  x  10l 

.  330  x  10l 

.738  x  101 

10 

.603  x  10° 

.832  x  10° 

.  US  x  101 

11 

.  159  x  10*7 

.491  x  10’6 

.  152  x  10’4 

12 

.649  x  10*1 

. 108  x  10° 

.179  x  10° 

13 

.  114  x  ID*1 

.  442  x  10’ 1 

.  172  x  10° 

14 

.288  x  102 

.  177  x  102 

.  109  x  102  1 

IS 

.943  x  10*1 

.231  x  10° 

.  568  x  10°  1 

lo 

. 352  x  104 

. 584  x  103 

.969  x  102 

17 

. 531  x  103 

. 188  x  103 

.668  x  102 

18 

.651  x  101 

. 567  x  101 

.494xl0l  | 

19 

.337  x  10° 

. 169  x  10’2 

.848x  1  O’2  j 

20 

. 197  x  10’9 

. 124  x  10’7 

.  785  s  10“6  1 

21 

. 127  x  10’5 

.  164  x  10"4 

.211  x  10*3 

22 

. 102  x  10* 

.  131  x  101 

. 169  x  101 

23 

. 127  x  104 

.227  x  103 

.403  x  102 

24 

.  124  x  104 

.271 x 103 

. 592  x  102 

2S 

. 250  x  104 

.534  x  103 

.  114  x  103 

26 

. 170  x  10’1 

.251  j.  I0‘l 

.371  x  10’1 

27 

.229  x  10’2 

.  174  x  10’1 

. 132  x  10° 

3.  3.  3.  5  CONFIDENCE  LIMITS  FOR  WEIBULL  PARAMETERS 


The  confidence  limits  for  fi  (The  Weibull  shape  parameter)  and  a.  (the 
Weibull  scale  parameter)  have  been  calculated  for  relays  and  are  presented 
in  Tables  3-11  and  3-14.  Since  the  Weibull  line  of  best  fit  was  the  regres¬ 
sion  line  calculated  by  the  method  of  least  squares,  the  confidence  limits 
are  set  on  the  slope  and  intercept  of  this  line  The  details  of  the  procedure 
ussd  are  described  in  Appendix  VII 

3.3.4  ANALYSIS  OF  RELAY  OPERATING  PARAMETERS 

Th  roughout  the  study  program  on  relays,  periodic  measurements  were 
taken  on  the  following  operating  parameters: 

•  Coil  resistance 

•  Contact  resistance 

•  Pickup  voltage 

•  Dropout  voltage 

•  Operate  time 

•  Release  time 

•  Contact  bounce 

As  in  the  case  of  this  part  of  the  analysis  performed  on  switches 
(Section  2.  3.  4)  it  should  be  pointed  out  that  this  evaluation  of  changing 
parameters  was  not  one  of  the  prime  objectives  of  the  study.  However 
approximately  100  linear  regression  analyses  were  performed  on  various 
combinations  of  cycles  ti.  first  miss,  cycles  to  total  failure  and  to  the 
changes  over  time  in  each  of  the  operating  parameters  named  above. 

Time  did  not  permit  the  complete  evaluation  of  all  of  the  regression  and 
correlation  relationships  studied  but  in  general  the  results  were  inconclusive. 
This  was  probably  due  to  measurement  errors  that  were  large  in  relation  to 
the  magnitude  of  the  changes  occurring  in  the  parameters  during  the  life 
cycle  of  the  parts. 

3.4  SELECTION  OF  ‘CCELERATE D  RELIABILITY  TEST  METHOD 
(RELAYS) 

The  general  procedure  for  selec  ing  desirable  text  runs  for  use  as  accel¬ 
erated  reliability  teat  methoda  ia  described  in  detail  in  Section  1.  4.  This 
section  is  an  example  of  the  application  of  those  rules. 

Teat  Run  1  in  the  relay  study  program  was  defined  as  normal  operating 
conditions  (3  ampa.  1  cycle/second.  25°C).  Therefore  the  other  26  test  runs 
were  studied  aa  potential  accelerated  test  methods.  Table  3-15  shows  the 
comparison  of  each  test  run  to  the  factors  which  define  a  desirable  method. 

An  "X"  in  the  table  means  that  a  particular  test  run  possesses  the  desirable 
trait. 

The  logic  associated  with  the  specification  of  the  moat  desirable  accel¬ 
erated  teat  method  ia  aa  follows: 

The  analysis  of  variance  and  its  associated  computations  indicated  that 
all  teat  runs  at  3  ampa  contact  load  resulted  in  mean  cycles  to  first  miss 


TABLE  3-13.  CONFIDENCE  LIMiTS  FOR  £  (RELAYS) 


Tut  Run 


1 

1.68 

2 

.  66 

3 

1.21 

4 

.78 

5 

.79 

6 

1.84 

7 

.25 

8 

.28 

9 

1.  3S 

10 

1.  14 

11 

2.  49 

12 

1.22 

1  3 

1.  59 

14 

.79 

IS 

1.  39 

16 

.  22 

17 

.55 

18 

.94 

19 

1.70 

20 

2.80 

21 

2.  11 

22 

1.11 

23 

.25 

24 

.  34 

2S 

.  334 

26 

1.  17 

27 

1.88 

fi(  •  025) 

fi(.  975) 

1.  127 

2.233 

.  181 

1.  139 

.916 

1.504 

.  125 

1.436 

.  316 

1.264 

1. 344 

2.  336 

0 

.966 

0 

.530 

.866 

1.834 

.  771 

1.509 

2.204 

2.776 

.948 

1.492 

1.076 

2.  104 

0 

1.612 

.990 

1.790 

0 

.709 

.  318 

.782 

.404 

1.476 

1.  >05 

2.095 

2.488 

3.  112 

1.763 

2.457 

.615 

1.605 

0 

i.soe 

.007 

.673 

0 

.779 

.865 

1.475 

1.  338 

2.422 
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TABLE  3-14.  CONFIDENCE  LIMITS  FOR  a 


Teat  Run 

®o 

1 

8. 154  x 

2 

8180 

3 

1.921  x 

4 

99j8 

5 

16,  755 

6 

9. !89  x 

7 

15.4 

8 

12.  5 

9 

2.  052  x 

10 

2.611  x 

11 

4. 847  x 

12 

3. 200  x 

13 

5. 445  x 

14 

16.  398 

15 

3.  613  x 

16 

10.  38 

17 

367.7 

18 

125.  801 

19 

2.  525  x 

20 

8.955  x 

21 

2.  135  x 

22 

1. 409  x 

23 

34.9 

24 

O' 

o 

• 

25 

28.24 

26 

1.021  x 

27 

6.230  x 

°o(.  025) 


109 

4.611  x 

I09 

4956 

107 

1. 409  x 

107 

5084 

10,253 

109 

5.  758  .. 

109 

7.  334 

9.  153 

10® 

1.244  x 

10® 

10® 

1.785  x 

10® 

10*5 

3.  774  x 

lO*3 

107 

2. 334  x 

107 

10® 

3.  174  x 

10® 

7011 

107 

2.  375  x 

107 

6.232 

288.8 

71.  837 

10*0 

1.675  x 

10*° 

1017 

6.6342  x  10*7 

1013 

1.431  x 

10*3 

10® 

838, 463 

9.512 

42.71 

18.  31 

10® 

741,208 

109 

3.  565  x 

to9 

(RELAYS) 

«o(.  975) 

1.442  x  10*° 
13.  338 
2. 392  x  107 
19.612 
27.  31  5 
1,613  x  10*° 
32.22 
17.02 

3.091  x  '.0® 
3.816  x  10® 
6.878  x  10*5 
4.  128  x  107 
7.885  x  108 
38.  379 
5.446  x  107 
17.28 
466.  7 
217,  982 
3.804  x  1010 
1.2088  x  1018 
2.882  x  1013 
2.349  x  10® 
128.  07 
95.  15 
45.95 

1.406  x  10® 
1.093  x  1010 


64 


Short  Calendar 
Test  T l me 


that  could  have  come  from  populations  with  the  same  mear..  Hence  they  would 
,.ot  qvilify  as  good  accelerated  test  methods.  The  test  runs  at  8  amps  and 
2 5°c  and  8  amps  and  100°C  resulted  in  the  shortest  mean  lives  but  these  con¬ 
ditions  resulted  in  many  initial  failurts  and  changes  in  failure  mode.  The 
relays  in  Test  Run  1  (normal  operating  conditions)  failed  due  to  material 
transfer  between  the  blade  and  contacts  increasing  ihc  contact  gap  beyond  the 
range  of  blade  'ravel.  The  8  amp  condition  resulted  in  many  welded  contacts. 

If  the  two  arms  of  the  bifurcated  contacts  we-e  nr*  oerfectly  ali%,ie  1.  one  of 
them  wa«  melted  back  into  a  ;  olten  ba.l  vliicn  reduced  tl  e  ^ap  and  sometimes 
vie’ded  tv  ihe  blade. 

Eight  amps  and  150°C.  although  its  mean  life  was  higher,  still  suffered 
from  the  welding  and  initial  fai’ures  problem  when  -he  arms  of  the  bifurca  ed 
contacts  were  not  perfectly  aligned.  This  contact  load  is  simply  too  severe  to 
hope  to  use  on  this  type  of  relay  as  an  accelerated  test  method.  (Note  that  the 
8  amps  contact  load  stress  would  appear  to  be  an  excellent  burn-in  test.  Any 
relays  that  were  out  of  adjustment  would  very  likely  fail  quite  quickly.  Ones 
that  were  perfectly  aligned  were  operated  during  this  etudy  for  over  200,000 
cycles  at  this  load.  ) 

The  selection  of  the  accelerated  tent  method  is  reduced  to  tl.e  nine  test 
runs  at  6  amps  contact  load. 

The  tests  for  goodness  of  fit  by  the  comparison  of  and  xj  indicate  that  of 
the  test  runs  at  6  amps  contact  load  vuns  23  and  24  exhibit  a  large  deviation 
and  hence  probably  do  not  fit  the  Weiuull.  These  were  test  runs  where  trouble 
was  experienced  with  the  miss  detection  device  hence  the  cycles  to  first  miss 
ire  probably  inaccurate. 

Vis’ial  inspection  of  the  Weibull  plots  of  Test  Runs  4,  13  and  14  indicates 
that  perhaps  the  line  fit  to  the  data  would  not  hold  if  more  observations  were 
available.  Early  failures  tend  to  deflect  the  line  when  it  is  fit  by  the  method 
of  least  squares. 

This  leaves  Test  Runs  5,  6,  15  and  22  for  consideration  as  accelerated 
reliability  test  methods.  Test  Run  5  displays  a  decreasing  hazard  rate  and 
therefore  an  indication  of  a  severe  early  stress  type  of  phenomenon  that  does 
not  seem  to  lend  itself  to  a  study  of  wearout  type  of  failure. 

Test  Runs  6  and  15  are  very  close  when  their  respective  cumulative  failure 
density  functions  are  compared.  However  15  results  in  the  highest  probability 
of  failure  until  approximately  240,000  cycles.  If  Test  Runs  6  and  15  are  com¬ 
pared  with  regard  to  elapsed  calendar  time  for  performance  of  the  test  it  is 
clear  that  Test  Run  15  at  6  amps.  150°C,  and  10  cycles  per  second  is 
preferred.  Test  Run  22  at  6  amps.  25°C  and  30  cycles  per  second  is  even 
more  satisfactory  in  *.erma  of  required  calendar  time.  However  Test  Run  15 
displays  a  higher  cumulative  failure  distribution  over  the  range  of  interest. 
Therefore  either  of  these  test  run*  has  merit  as  an  accelerated  reliability 
teat  method. 

3.  5  VALIDATION  OF  NORMAL  TEST  CONDITIONS 

The  failure  distribution  describing  life  times  under  the  n9rmal  conditions 
of  thia  report  haa  been  shown  to  be  Weibull.  In  obtaining  valid  comparisons 
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of  the  experience  of  this  report  with  respect  to  relays  with  those  of  the 
literature,  three  problems  arose: 

)  Test  conditu  ns  (environmental  nd  operating)  couliV  aot  be  found  which 
exactly  duplic“.  '  the  normal  test  conditions  of  this  report. 

2.  The  f;  ilure  dai  ,11  the  literature  usually  appeared  in  summary  form 

i.  e.  .  failure  rate  in  percent  per  1000  cycles  or  failure  rate  ih  percent 
per  10.000  cycler  etc.  The  actual  test  time,  number  of  failures, 
number  of  items  on  test  were  not  given. 

3.  Failure  definitions  were  generally  not  given  in  the  literature. 

I 

Actually  problem  1  is  not  as  serious  as  it  appears  since  "similar"  condi¬ 
tions  can  certainly  give  indications  of  agreement.  However  2  and  3  could 
seriously  affect  the  comparisons.  The  reason  2  is  a  problem  is  because  when 
a  Weibull  distribution  prevails  the  interchange  of  time  and  units  on  test  \s  not 
permissible  and  moreover  the  failure  rale  depends  on  t  (is  not  constant)  hence 
to  compare  test  experience  requires  test  time  to  be  known,  number  of  failures 
and  number  of  items  on  test.  The  problem  caused  by  3  is  obvious. 

Fortunately  FARADA  and  manufacturer  data  was  available  which  provided 
the  necessary  information  even  though  the  conditions  of  the  test  were  somewhat 
different.  Failures  caused  by  definitions  not  used  in  this  report  were  elimi¬ 
nated  from  the  FARADA  failure  data. 

Table  3-16  presents  for  the  FARADA  data  and  the  manufacturer  the  number 
of  failures  experienced  in  the  tests  of  100,000  cycles  in  length  and  the  number 
of  relays  put  on  test.  The  number  of  failures  quoted  is  the  actual  number  in 
the  case  of  the  manufacturer's  data.  For  the  FARADA  data  one  failure  was 
deducted  because  it  was  due  to  a  definition  which  would  not  have  been  a  failure 
in  this  study.  The  operating  temperature  of  the  FARADA  and  manufacturer 
data  was  125°C.  The  expected  failures  in  100,000  cycles  is  shown  for  test 
run  #1  and  test  run  #3.  Test  run  #1  shows  a  discrepancy  between  the  expected 
and  observed  results.  However  when  test  run  #3  is  used  (operating  tempera¬ 
ture  1  50°C)  a  statistical  test  shows  no  difference  in  the  observed  and  expected 
results.  The  numbers  in  the  last  two  columns  were  computed  by: 

Expected  number  of  failures  Test  Run  #1  =  230F)  (100,000) 

Expected  number  of  failures  Test  Run  #1  =  9Fi  (100,000) 

Expected  number  of  failures  Test  Run  13  *  230F)  (100,000) 

Expected  number  of  failures  Test  Run  #3  -  9F3  (100,000) 
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TABLET  5-16 


COMPARISON  OF  TLST  RESULTS  WITH  FIELD  DATA 


Sourer 

Numbe  r 
of  Item* 
on  Test 

Length 
of  Test 

Numbe  r 
of 

F  ailui  es 

Expected  Number 
of  Failures  Based 
on  this  Report, 
Test  Run  1 

Expected  Number 
of  Failure*  Based 
on  this  Report, 
Test  Run  3 

Relay 

Manu¬ 

facturer 

230 

100,000 

ope  ra - 
tions 

14 

6.9 

13.8 

FARADA 

Report* 

9 

100.000 

opera¬ 

tions 

1 

0.27 

0.  54 

SECTION  4.  0  MATHEMATICAL  MODELS 


4.  1  SUMMARY 


The  goal  of  this  section  is  .o  present  possible  mathematical  representations 
of  the  physical  process  which  occurs  when  moving  from  accelerated  test  condi¬ 
tions  to  normal  test  conditions.  This  is  necessary  so  that  vihen  other  acceler¬ 
ated  tests  (denoted  by  *  throughout)  are  conducted  (at  conditions  similar  to 
those  of  this  report)  the  normal  condition  parameter*  df.  and  p  can  be  estimated 
hive  separate  models  are  derived,  presented,  and  discussed. 

Model  1 

This  model  makes  the  (restrictive)  assumption  that  Pa  and  are  equal 
and  thus  only  the  <Ja  and  ajsj  differ.  In  this  case  there  exists  a  transformation 

y  =  cx  c  >  0 

and  if  c  <  1  the  acceleration  is  a  true  time  acceleration,  i.  e.  ,  the  physical 
laws  being  left  unchanged. 

Model  2 

The  model  considers  a  time  transformation  of  the  form  y  =  cx^  +  a.  It  is 
shown  th.t  it  appears  a  =  0.  This  transformation  allows  for  Pa  t  Pjq  »nd 
aA  t  <JN’  Model  1  is  a  special  use  of  this  model  with  d  =  1  and  *  =  0. 

Model  3 

This  model  is  based  on  the  assumption  that  the  time  transformation  func¬ 
tion  on  the  cumulative  distribution  function  TFC,  say  g(x). 

where 

Fn(x)  =  Fa  [g(x)J  all  X 
is  constant  for  all  accelerated  tests,  i.  e. , 
g(x)  =  g*<x) 

where  g(x)  is  the  TFC  of  this  report  and  g*(x)  is  the  TFC  of  a  future  acceler¬ 
ated  test.  It  was  shown  that  Models  2  and  3  are  identical. 

Model  4 

This  model  assumes  that  the  time  transformation  function  on  the  haxard 
rates  (TFH)  say  j(x)  where 

hN(x)  =  hA  (jix)] 
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is  constant  tor  all  accelerated  teat*,  i.  e.  , 


j(x)  =  j*<*)  *11  x. 
Model  5 


This  model  is  based  on  the  assumption  that  the  ratio  of  the  hazard  rates 


K(x) 


Kjl*) 
'  hA(xJ 


is  the  same  for  all  accelerated  tests,  i.  e.  , 

K(x)  =  K*<x) 

The  algorithms  for  these  models  appear  In  table  4-  1.  Table  4-2  presents  a^, 
f^A*  2hs|.  ^  as  discovered  for  switches  and  relays  in  this  report.  Note  that 
the  always  denotes  ar.  e sti:r>a te  oi  the  quantity  under  the  and  that  * 
denotes  a  test  other  than  the  tests  of  this  report. 

There  are  certainly  models  other  than  the  ones  presented  which  could  be 
considered  but  the  five  presented  have  the  advantages  that 

1.  They  are  simple  to  express  mathematically 

2.  They  are  intuitively  appealing  »&  representatives  of  the  physical 
process. 

Numerical  examples  of  each  model  are  given  in  Appendix  VIII-^ 

Which  of  the  five  models  presented  most  faithfully  represents  the  physical 
phenomena  occurring  in  switches  and  relays  when  operating  and  environmental 
stresses  are  increased  will  be  further  studied.  However  Models  2  and  3  would 
appear  to  be  the  most  logical  choices  since  they  relate  the  cumulative  failure 
distributions  of  parts  failing  ut  both  normal  and  accelerated  stress  levels  and 
since  they  describe  a  compression  of  the  time  axis. 

4.2  RELATIONSHIP  OF  THE  FAILURE  DISTRIBUTION  UNDER 
ACCELERATED  AND  NORMAL  CONDITIONS 


In  the  previous  sections  accelerated  test(s)  were  recommended  which  ap¬ 
pear  feasible  from  a  physical  and  time  standpoint.  That  is  they  preserve 
modes  of  failure  and  obtain  failure  data  in  short  periods  of  time.  However 
the  task  still  remain*  to  describe  (hopefully  in  mathematical  teims)  what 
went  on  physically  when  the  test  conditions  were  accelerated.  More  specifi¬ 
cally  this  section  addresses  itself  to  this  problem: 

Suppose,  at  a  future  time,  an  accelerated  test  similar  to  the  one  recom¬ 
mended  is  run.  The  problem  is:  what  algorithm  or  instructions  should  be 
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r*n*t4-L  fkUmrt  Oun4%Mo9  AuMMflMd;  ’Jm4rr 
Mtnmi  ComkMamt 


(Atctkrattl)  CJU*g$  y  •  1/4  x 


7i 


followed  using  Of t  and  pj  to  obtain  estimates  ol  the  normal  condition  (X*  and 
*ay  ^  and  ^N? 

For  example  it  is  not  at  all  clear  that  differences  are  appropriate,  i.  e  .  : 

“N  *  “X  ’  ,SN  '  “A1 

(0 

<*N  •  ?A» 


or  that  ratios  are  apropos,  i.  e.  : 


\U 


If  these  algorithms  are  used  it  is  not  obvious  what  physical  laws  are  govern¬ 
ing.  The  best  method  then  is  to  propose  mathematical  models,  see  what 
algorithm  results  and  then  validate  these  models.  The  various  models  are 
considered  in  the  following  subsections. 

4.3  MATHEMATICAL  MODEL  #1:  FOR  A  TRUE  ACCELERATED  TEST 
WHEN  THE  FAILURE  DISTRIBUTION  IS  KNOWN  TO  BE  WEIBULL 
BOTH  AT  ACCELERATED  AND  NORMAL  CONDITIONS 

It  has  been  demonstrated  in  this  report  that  the  failure  distributions  are 
Weibull  at  both  accelerated  and  normal  conditions.  Now  a  certainly  appealing 
definition  of  a  "tr*e"  accelerated  test  is  one  that:  leaves  the  physical  laws  of 
failure  unmolested  but  merely  accelerates  their  action.  That  is,  the  time 
axis  is  "compressed''  but  the  shape  of  the  distribution  is  left  untouched.  For 
the  Weibull  distribution  this  can  be  accomplished  as  follows.  Suppose  the 
lifetime  x  at  normal  conditions  is  Weibull,  i.  e. : 


^N 

x 

CL, 

F(x)  =  1  -  e  W  x,  PN,  >0  (3) 

where  the  N  subscript  denotes  normal  conditions.  Now  suppose  the  change  of 
variable: 

y  *  cx  is  made.  (4) 
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Then 


y 


F(  y)  =  1  - 


J'n/  pn 
•  l-e*  ' 

*nd  hence  y  is  again  Weibull  with 
shape  parameter  beta  * 


r>  oo 


►Vt  '  * 

*nd  scale  parameter  alpha  *  c  r"a^  * 

More°ver  if  the  distribution  of  failures  at  accelerated  conditions  is  Weibull 


<*A  -  An 


aA  *  V  L  «•  •  <*A  *  KaU 

then  there  always  exist*  a  nontrivial  solutipn  to  the  equation 


:^N  s  k 


i:  >  0 


and  hence  if  the  future  distributions  are  Weibull  at  both  accelerated  and  n 
wlth  pA  8  Pn  ^ere  always  exists  a  transformation,  y  »  cx 
Now  if-  *  compressing  or  stretching  of  the  time  axis  by  a  factor  of  c. 


nor* 

such 


*A<  * 


then  oA  =  Kaxj  -wK  <  1  — c  <  1  and  the  transformation  y  >  cx  is  a  com 
pression  of  the  time  axis.  Since  y  =  cx  *  0  when  x  *  0  this  compressins  can 
be  thought  of  as  fastening  an  elastic  line  at  x  *  0  and  pushing  onPthe  line* (at 
*  *  by  “  force  ot  magnitude"  c.  Since  the  change  y  «  cx  left  0  unchanged 
this  transformation  amounts  to  lifting  the  failure  distribution  off  the  time 


■./  i 


ax>9i  compressing  the  time  axis  and  then  aetti  g  d.'*n  the  distribution  again 
with  it*  shape  unchanged.  Ihe*e  idea*  are  pre*ented  in  Figure*  4-1  and  4-2 


The  algorithm  for  thi*  model  I  i*  presented  in  Table  4-1.  The  derivation 
of  the  algorithm  i*  contained  in  Appendix  V  HI  l 

4.  4  MATMEUATICAL  MODF.L  #2:  THE  GENERAL  FORM 

When  (aa  it  ia  always  assumed)  (he  failure  di  itribution*  are  Weibull  at  both 
accelerated  and  normal  condition*  t^e  most  ‘general'  mathematica'  exprea- 
aion  for  the  change  relationship  1a:  (  -here  x  i»  time  under  lormal  condition*) 


y  »  cx  ♦  a 


-  (Y  *  *) 

-  X  -  t  r  f 


hence 


F(y)  =  1  -  e 


(V  -  a) 


*  1  -  e 


1?  °N 


*■  *  V  hi’  d‘  C>° 


thus  y  is  again  Weibull  with 
location  parameter  7  *  a 


scale  parameter  *  \c  /  a  ^ 


shape  parameter  PA  P^/d 

Now  in  this  study?  was  always  zero  so  the  general  form  appears  to  be 


y  ■  c* 


f  JL _ _ _ _  Sfr--  ... 


,}  ai  _ a**  '*  i-  ■ 


If  it  is  required  that 


Fa(x)  2  Fn(x)  for  all  x 


restrictions  on  c  and  d  are  easily  derived.  However  it  Is  unnecessary  to  set 
this  requirement  as  long  as  FA(x)  «  FN(s)  for  "small"  x  so  restrictions  on  c 
and  d  are  not  necessary.  The  algorithm  for  this  model  2  is  given  in  Table 
4-1.  The  derivation  is  contained  in  Appendix  Vlil-2. 

In  the  next  section  a  model  called  the:  Time  transfer  function  on  the  cum¬ 
ulative  distribution  functions  (TFC)  will  be  used.  It  will  be  shown  in  that 
section  that  that  model  (TFC)  is  equivalent  to  the  model  of  this  section,  i.  e. , 
equivalent  to 
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I 


y  *  cx 

Note  that  the  model  of  Section  4.  3  ie  thie  model  with  d  =  1. 

4.  5  MODEL  #3.  A  TIME  TRANSFER  FUNCTION  ON  THE  CUMULATIVE 
DISTRIBUTION  FUNCTION  ( TFC) 

Definition:  The  time  transfer  function  o.i  the  cumulative  distribution  func 
tion  (TFC)  ie  a  function  g(x)  such  that 


Fn(x)  =  Fa  fg(x)] 


(15) 


g(x)  ie  eaeily  found  for 


Fn(x)  =  Fa  lg(x)] 


1  -  e 


Pn 

X _ 


x  ikL  . 


“n 


.  [g(x)]  A 


=  1  -  e 


f  t./M 

g(x)-y 


1/p 


A  Pn^A 


(16) 


Note  that  from  eection  4.4  equation  (13) 

Pn 


d  * 


Pi 


and  from  equation  (14) 
4/Kn 


c  * 


hence 


/M 

vw 


y  *  cxd  * 


/M 

W/ 


i/P 


A  x  Pn^a 


07) 


Thus  the  TFC  ie  identical  with  the  transformation  of  eection  4.  4. 


is 


n 


It  muit  be  then  that  the  two  represent  the  tame  physical  model.  Noaethe- 
less,  for  completeness  the  algorithm  is  derived  in  Appendix  VIII-  3,  for  pro 
ceeding  from  a  (future)  accelerated  test  to  normal  conditions.  It  will  be 
assumed  that  the  physical  law  is  such  that:  g(x)  IS  ALWAYS  THh  SAME.  I  E 
g(x)  2  g*(x)  where  g(x)  is  the  TKC  for  this  report  and  g*(x)  is  the  TIC  for  a 
future  accelerated  test  (at  the  « a m e  accelerated  conditions  as  this  report  of 
course).  The  algorithm  for  this  model  3  is  given  in  Table  4-1. 

4.6  MODEL  #4.  A  TIME  TRANSFER  FUNCTION  OF  HAZARD  RATES  (TFH) 

Definition:  The  time  transfer  function  o.i  hazard  rates  (TFH)  is  a  function 
j(x)  such  that 

hj^lx)  *  hA^**J 

where  hA(x)  and  hjxj( x)  are  the  hazard  rates  for  the  Weibull  distribution  under 
accelerated  and  normal  conditions  respectively,  *.  e.  , 

h(x)  *  §  xP*1 

j(x)  is  easily  found  for 


It  is  interesting  to  note  that  the  TFH  and  the  TFC  (defined  in  section  4.  5)  are 
never  identically  equal;  not  even  for  the  exponential  distribution.  The  proof 
of  this  is  contained  in  Appendix  VI1I-4. 

The  above  considerations  indicate  that  (excepting  the  trivial  situation  when 
p^  s  p^;  aA  «  a^j)  the  model  of  section  4.  5  and  the  model  of  this  section  de¬ 
scribe  different  physical  processes. 

Suppose  now  that  it  is  decided  that  the  physical  process  is  such  that  the 
hazard  rate  transfer  function,  TFH,  ALWAYS  REMAINS  THE  SAME  from 
test  to  test  (provided  the  same  stress  environment  as  in  this  report  is  main¬ 
tained)  i.  c.  ,  in  a  future  accelerated  test  the  physics  of  the  process  are  sue.' 
that 

j(x)  *  j*U)  <18> 
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where  j*(x)  is  the  transfer  function  from  normal  to  accelerated  hazard  rate  in 
a  future  test.  The  resulting  algorithm  is  given  in  Table  4-1  under  model  4. 
The  proof  is  contained  in  Appendix  VIII-4. 

4.  7  MODEL  #5:  CONSTANT  RATIO  OF  HAZARD  RATES  (CRH) 


This  model  is  suggested  by  the  well  known  "K  factor.  "  This  K  factor  is 
known  in  reliability  circles  as  the  stress  factor  which  converts  the  failure  in 
one  set  of  environments,  say  normal,  to  the  failure  rate  under  stress  condi¬ 
tions.  In  this  report  it  is  given  by  equation  A- 19  in  Appendix  VIII-4: 


j*(x)  =  K 


(for  the  exponential  distribution) 


From  equation  A-18  in  Appendix  VIII-4  it  can  be  seen  K  is  indeed  the  ratio 
of  the  hazard  rates.  Unfortunately  in  the  case  of  the  Weibull  distribution  the 
K  factor  relating  two  environments  (normal  and  accelerated  say)  is  not  a  con¬ 
stant  but  depends  on  x  and  is  more  properly  written  K(x).  In  any  case  it  cer¬ 
tainly  seems  to  make  sense  to  try  a  model  such  that  the  physical  laws  oper¬ 
ating  ALWAYS  KEEP  K(x)  THE  SAME,  i.  e. 

K(x)  =  K*(x)  for  all  x  U9) 


where 


K(x)  = 


hN(x) 

hA(x) 


K*(x)  = 


hflU) 


The  algorithm  for  this  model  5  (CRH)  is  given  in  Table  4-1.  Its  derivation  is 
contained  in  Appendix  VIII  -5. 


TABLE  4-1.  ALGORITHMS 


"V. 

*8 

Model  1 

“ti-h  A  *X'*A 

//M 

'  VW 

*R'*A 

Model  2 
and  3 

/  rfil 

'  \%l 

*~£>x 

Model  4 

/(S) 

Model  5 

*a  *  *x  ♦  <>n  •  *a> 

TABLE  4-2.  OBSERVE*")  WEIBULL  PARAMETERS 


Switches 


Test  Run  1 


Test  Run  14 


Test  Run  15 


A 

JA 

SA 


Relays 


4.  07 

Test  Run  1 

^  *  1*8 

53, 848  x  1017 

a N  *  8154  x  106 

1.  53 

Test  Run  15 

«*> 

ft 

2.  594,241 

[aA  »  3618  x  10* 

1.  00 

Test  Run  22 

i 

?A=I.H 

14.440 

i 

aA  *  1409  x  103 
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4.  8  CONCLUSIONS  ON  MATHEMATICAL  MODELS 


Further  investigation  can  provide  data  for  validating  one  of  the  models 
suggested.  However  it  is  well  to  perhaps  look  ahead  as  to  the  probable  out¬ 
come.  As  pointed  out  previously  models  2  (the  transformation  y  *  cx(  )  and 
3  (the  time  transformation  on  the  cumulative  distribution  function)  are  identical 
and  model  1  (the  transformation  y  -  cx)  is  a  special  case  of  mooel  Z.  Model  1 
will  not  be  applicable  because  the  /}'s  change  from  accelerated  !o  normal  and 
hence  d  i  1. 

The  fact  that  models  2  and  3  are  identical  provides  a  possible  clue  as  to 
which  of  the  models  (2  and  3  or  4  or  5)  will  best  describe  the  relationship  be¬ 
tween  accelerated  and  normal  conditions.  The  cumulative  failure  distribution 
F  provides  a  complete  statistical  description  of  part  life  behavior  at  both  nor¬ 
mal  and  accelerated  conditions.  Now  model  3  usei  the  accelerated  and  normal 
F's  and  relates  them  by  a  constant  function.  On  the  other  hand  model  2  assumes 
that  the  physical  laws  are  such  that  the  time  axis  x  is  being  compressed  to  y  by 
y  -  cx“  and  this  expression  provides  a  link  between  "time  units  '  at  accelerated 
conditions  (y)  ant'  time  units  at  normal  conditions  (x).  Thus  models  2  and  3 
answer  two  of  the  most  important  questions  of  accelerated  testing,  namely: 

1)  what  is  happening  to  the  failure  d.stributions ? 

2)  what  is  happening  to  the  time  units? 

In  addition  it  turns  out  that  models  2  and  3  are  identical.  Hence  it  is  sus¬ 
pected  that  these  models  will  adequately  describe  the  algorithm  for  proceeding 
from  accelerated  to  normal  conditions. 

Models  4  and  5,  although  distinct  possibilities,  suffer  from  the  same  short¬ 
comings.  That  is  it  is  difficult  to  heuristically  justify  why  the  hazard  functions 
should  be  related  by  an  unchanging  function  (model  4)  and  (model  5)  why  the 
ratio  of  the  accelerated  and  normal  hazard  rates  should  remain  constant. 

Model  5  is  a  general  case  of  the  well  known  K  factor.  However  when  the  single 
parameter  exponential  does  not  hold  it  is  difficult  to  interpret  just  what  the  K 
factor  means.  In  addition,  since  models  4  and  5  are  different  from  each  other 
and  different  from  2  and  3,  the  validity  of  model  4  or  5  would  indicate  that  the 
physical  process  cannot  be  interpreted  in  terms  of  time  compression  (model  2) 
or  relating  the  failure  distribution  (model  3).  This  would  be  a  somewhat  sur¬ 
prising  result. 
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5.0  MECHANICAL  SEALS  (O-RINGS) 


5.  1  SUMMARY 

The  life  te»t»  performed  on  O-rings  in  the  search  for  accelerated  reliability 
teat  methods  involved  the  use  cf  part  type  AN  b227B-ll.  The  stresses  studied 
were:  1)  ambient  temperature  at  200,  250,  275*F  and  2)  ultraviolet  exposure 
at  none,  .  1  watt/ft2,  and  .  2  watt/ft2.  Ten  parts  were  life  tested  at  each  of 
the  9  combinations  of  temperature  and  ultraviolet. 

An  analysis  of  variance  indicated  that  both  the  temperature,  and  ultra* 
violet  and  the  interactions  between  them  affected  pa r t  life.  The  parts  tested 
at  200*F  and  no  ultraviolet  lasted  an  average  of  approximately  1750  hours. 
Those  tested  at  200'F  and  .  2  watts/ft2  lasted  approximately  1  300  hours. 

Those  tested  at  275‘F  and  .  2  watts/ft2  averaged  135  hours.  F-  .1  these  typ¬ 
ical  numbers  it  can  be  seen  that  increasing  the  temperature  under  which  this 
type  of  O- ring  operates  will  reduce  its  life  very  significantly.  However  the 
inclusion  of  a  second  stress  in  the  form  of  ultraviolet  in  combination  with  the 
ambient  temperature  results  in  a  substantial  additional  reduction  in  test  time. 
‘This  is  an  illustration  of  the  value  of  testing  using  combined  environments 
in  preference  to  the  application  of  single  accelerating  stresses  or  of  testing 
using  stresses  applied  sequentially. 

The  failed  parts  were  subjected  to  microscopic  inspection  after  failure. 
Radial  cracks  were  the  predominant  failure  mode  found  although  many  parts 
also  contained  networks  of  circumferential  cracks. 

The  failure  times  of  O-rings  were  studied  to  determine  their  characteristic 
life  distribution.  The  nine  combinations  of  accelerating  stresses  included  in 
this  study  program  indicated  that  this  type  cf  part  fails  according  to  the 
Weibull  distribution. 

The  essence  of  any  accelerated  reliability  test  method  is  the  requirement 
that  there  must  be  some  way  to  relate  part  life  at  stressed  conditions  to  part 
life  at  normal  or  manufacturer's  rated  operating  and  environmental  con¬ 
ditions.  In  the  case  of  the  O-rings  studied  here,  time,  did  not  permit  the 
testing  of  parts  at  room  temperature  and  therefore  no  true  benchmark  to 
normal  conditions  exists.  However  a  study  of  the  test  results  clearly  shows 
how  part  life  varies  over  the  applied  range  of  accelerated  stresses. 

5.  2  DETAILS  OF  THE  INVESTIGATION 

5.  2.  1  STRESS  SELECTION 

The  mechanical  seal  selected  for  study  was  an  O-ring  of  the  type 
AN  6227B-11.  It  was  of  Buna  N  rubber,  had  an  OD  of  3/4",  ID  of  9/16"  and 
cross  sectional  width  of  3/32". 
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Unlike  switches  very  little  information  relating  meihanital  life  tn  rmir -  n- 
mental  stresses  was  available.  An  investigation  of  potentially  usable  accel¬ 
erating  stresses  indicated  the  following  general  properties 


Tear  resistance 

tair 

Abrasion  resistance 

good 

Aging  (Ultraviolet) 

fair 

Oxidation  (Ozone) 

fair 

Resistame  to  compression  set 

good 

Oil  and  gasoline  resistance 

excellent 

Acid  resistance 

good 

Cold  resistance  (freezing) 

good 

Heat  resistance 

good 

Permeability  to  gases 

medium 

Electrical  resistivity 

low 

Resistance  to  cutting 

good 

Resistance  to  water  swelling 

excellent 

An  examination  of  the  above  properties  resulted  in  the  elimination  of  those 
that  would  be  difficult  to  repeat  with  confidence.  Also  eliminated  were 
stresses  that  would  require  removal  of  the  rings  from  their  test  block  since 
handling  would  be  a  difficult  to  control  condition.  Since  a  combined  environ¬ 
ment  test  was  an  objective  of  the  project  known  non-compatible  tests  were 
ruled  out. 

This  resulted  in  an  initial  accelerating  stress  selection  of: 

Aging  (Ultraviolet) 

Oxidation  (Ozone) 

Heat  Resistance 

The  test  method  and  test  equipment  used  are  described  in  detail  in 
Appendix  V-3. 

While  conducting  tests  to  determine  stress  levels  to  be  utilized  it  was 
found  that  total  breakdown  of  the  ozone  occurred  at  temperatures  above  200'F. 
This  resulted  in  elimination  of  ozone  as  an  accelerating  stress.  References 
indicated  that  Buna  N  rubber  compounds  are  relatively  insensitive  to  damage 
at  temperatures  below  250"F  therefore  samples  were  tested  at  300*F  and 
found  that  failure  occurred  in  less  than  88  hours. 


1 


82 


It  w  a »  frit  that  measurement  error  resulting  from  the  combination*  o* 
heating  an.)  cooling  cycles  involved  in  the  testing  procedure  would  be  too  great 
with  this  »hor’  of  life  span.  Subsequent  tests  and  information  led  to  the 
*pe>  it  it  at  ion  of  2'5’F  as  the  upper  limit,  iOO'l  as  the  lower  limit  and  an 
intermediate  condition  of  2S0*F.  All  available  information  indicated  that  a 
lower  temperature  would  not  pri'du*  e  failures  within  the  contractual  period. 

The  level  of  the  ultraviolet  exposure  was  determined  from  a  study  of  manu- 
la<  turers  data  on  the  light  sources. 

A  summary  of  the  overall  stress  selection  is 

Applied  Stress  Normal  Intermediate 

Temperature  100'F  250'F 

Ultraviolet  Exposure  None  0.1  watt/ft 

S .2.2  STATISTICAL  EXPERIMENTAL  DESIGN  tO-RINGS) 

A  2*  factorial  experiment  with  10  replications  was  selected  for  the  study 
program  on  O-ring*.  This  was  to  allow  for  the  evaluation  of  the  main  effects 
of  temperature  and  ultraviolet  as  well  as  theie  interactions  when  applied  as 
combined  stresses.  Table  5-1  describes  the  different  combinations  of  test 
conditions  included  m  the  test  program. 

It  was  impossible  to  operate  these  parts  at  temperatures  lower  than  200  F 
and  Still  be  able  to  observe  a  sufficient  number  of  failures  during  the  contrac¬ 
tual  period  to  perform  an  analysis.  However,  ranges  of  temperature  and 
ultraviolet  exposure  were  included  as  test  conditions  which  would  yield  a 
general  idea  as  to  the  manner  in  which  life  varied  as  stress  levels  were  varied. 


Ma  ximum 
27ST 

0.  2  watt/ft* 


TABLE  5-1.  FACTORIAL  EXPERIMENT  FOR  O-RINGS 


S*< 

• 

Ultraviolet  Exposure 

None 

.  1  Watt/Ft.2 

.  2  Watt/Ft.  1 

* 

u 

200 

0) 

U) 

(3) 

a. 

2 

250 

(4) 

(5) 

(6) 

H 

275 

(7) 

(8) 

(9) 

Note:  The  numbers  in  parentheses  are  designations  used  throughout 
the  study  to  identify  each  of  the  nine  test  runs.  For  example  Test 
Run  #5  consists  of  10  O-rings  which  were  tested  at  250*F  and 
.  1  Watt/Ft.  Each  test  run  contained  10  O-rings. 


5.  2.  3  DF F INITION  OF  FAILURE 


O-nngs  arr  parts  that  ian  bp  used  fur  many  different  applications  involsinj 
many  dt  I :  o  r  e  nt  o;  e ra t i<<na  1  stresses  and  range  *  <>f  use  loml-tmns,  The  test 
results  obtained  in  this  study  to  measure  O-nng  lite  might  dilfer  greatly  from 
those  encountered  in  other  appl  n  a  t  ion  s .  For  this  application  the  t.el  mill  on  ul 
failure  is  that  there  will  be  no  leakage  during  three  c  >  *  les  during  whn  h  the 
pressure  on  the  test  iixture  is  raised  to  1500  psi  ;  nd  held  tor  one  minute. 

The  details  of  the  test  method  are  described  in  Appendix  V. 

5.  3  PRESENTATION  OF  TEST  RESULTS 


The  study  to  find  an  accelerated  reliability  test  method  for  O-rings  was 
performed  by  testing  10  parts  at  each  of  9  different  combinations  of  two 
stresses.  The  stresses  induced  in  the  study  were  temperature,  and  ultra¬ 
violet  exposure.  Each  stress  was  applied  at  3  levels  oi  severity.  The  result* 
of  the  tests  on  individual  parts  at  each  of  the  test  conditions  are  shown  in 
Table  5-2.  Each  cell  in  the  matrix  representing  a  given  lecel  of  temperature 
in  combination  with  a  fixed  level  of  ultraviolet  radiation  is  numbered  in  the 
lower  left  hand  corner  in  the  table.  These  numbers  designate  the  terminology 
to  be  used  in  explaining  the  test  results.  For  example  Test  Run  1  represents 
the  hours  to  failure  of  10  O-rings  tested  at  200°F  and  no  ultraviolet  exposure. 
The  mean  value  (TT)  of  each  test  run  is  snown  in  the  table.  The  numbers  in 
parentheses  are  the  failure  modes  (see  Part  5.  3.  2  of  this  Section  for 
definitions). 

5.  3.  1  ANALYSIS  OF  VARIANCE 


Before  an  analysis  of  variance  could  be  performed  on  the  O-ring  life  test 
data,  a  logarithmic  transformation  had  to  be  made  on  the  data.  The  reason 
for  this  was,  as  in  the  case  of  switches  and  relays,  that  the  variance  of  the 
longer  life  test  runs  y/as  much  higher  than  those  tested  at  accelerated  condi¬ 
tions.  The  analysis  of  variance  indicated  that  both  temperature  and  ultra¬ 
violet  and  their  interactions  affected  the  life  of  O-rings.  The  details  of  these 
effects  are  shown  in  Table  5-3. 

The  F  Ratio  indicates  that  both  temperature,  ultraviolet  exposure,  and 
their  interact;ons  are  highly  significant.  This  is  evaluated  by  comparing  the 
values  in  the  column  in  Table  5-3  marked  F.  05  to  the  values  in  the  F  Ratio 
column.  A  larger  number  in  the  F  Ratio  column  denotes  significance.  The 
Components  of  Variance  analysis  substantiates  the  values  of  the  F  Ratio  but 
points  out  that  temperature  exerts  an  extremely  powerful  effect  on  the  life  of 
these  parts  (about  98.4%  of  the  observed  variance).  In  spite  of  this  over¬ 
whelming  amount,  the  effec.s  of  ultraviolet  and  their  interactions  are  large 
enough  to  be  felt.  The  right  hand  column  in  Table  5-3  gives  a  complete  list 
of  the  %  contribution  to  total  variance  of  all  of  the  effects. 

5.  3.  1.  1  t  TESTS 

As  in  the  previous  analyses  on  switches  and  relays,  the  t  tests  are  per¬ 
formed  to  observe  how  the  interactions  are  grouped  in  order  to  select  those 
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TAIJLK  5-2.  O-RINGS;  HOURS  TO  FAILURE 


No 

Ult  ra violet 

0.  1  Watt* 

Per  Ft.  2 

i  0.  2  Watt* 

Per  Ft.  2 

1 1>  8  3  ( 1 ) 

1143  (1) 

1  373  (1.2) 

1784  (I) 

1628  (1) 

1445  (1) 

lt>8  t  (1.2) 

1373  (1) 

1445  (1) 

178  4  (I) 

1445  (1) 

1309  (1) 

1  Ht>2  (l.C) 

1  37  3  (1) 

1143  (1) 

200°F 

17H4  (1) 

lb28  (1.2) 

1309  (1) 

1683  (1) 

1309  (1) 

1215  (1) 

1784  (1,2) 

!  1  37  3  (  1  ) 

1373  (1) 

1&83  (1.2) 

1  373  (1.2) 

1215  (1) 

_  1784  (1) 

_  1300  (1) 

-  1143  (1) 

X  -  1751. 4  #1 

X  1  395.  4  #2 

X  =  1297.  0  #3 

399  (1) 

314  (3> 

393  (1) 

422  (1) 

343  (1) 

366  (1) 

338  (1) 

393  (1.2) 

338  (3) 

444  (1) 

393  (1,2) 

338  (1) 

3°  7  (1) 

314  (1) 

338  (1) 

250°F 

3b7  (1) 

343  (3) 

343  (1) 

393  (1) 

314  (1) 

338  (1.2) 

39  3  (  1  ) 

343  (  1.2) 

314  (1) 

314  (1) 

3M  (1) 

338  (1,2) 

-  292  (1) 

-  338  (1) 

-  267  (1) 

X  =  372. 9  M 

X  r  340. 9  #5 

X  =  347. 3  #6 

147  (1) 

121  (1) 

129  (2) 

147  (1,2) 

129  (1,2) 

121  (1,2) 

128  (2) 

147  (1.2) 

121  (1.2) 

147  (1.2) 

147  (1.2) 

129  (2) 

275°F 

165  (1.2) 

147  (1,23 

129  (2) 

147  (1,2) 

12°  (1) 

165  (1,2) 

147  (1.2) 

129  (1) 

121  (2) 

165  (2) 

129  (1.2) 

165  (1,2) 

147  (1.2) 

165  *1,2) 

121  (1) 

-  147  (1.2) 

-  121  (1.2) 

-  147  (1,2) 

X  =  148. 7  #7 

x  =  136. 4  ;s 

X  =  134.  8  #9 
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TABLE  S.J  ANALYSIS  OK  VARIANCE:  -  O-RINGS 


Sourc  e  of  V a  r  la  n.  e 

Sum 

of 

Squa res 

F 

Rati., 

F0S 

9 

Con  t  r  ;  v"i! ;  >n 

I  u  Va  riar.i  e 

IVtttpf  n 
temperatures 

15.90ot  S 

7.9S334 

4791.2  • 

4.  00 

96.  4 

Between  Ultra¬ 
violet  Levels 

.0821  1 

2 

,0410t> 

24.7  * 

4.  00 

.  5 

Inte  rav  tion 

Between 

Temperature 

and 

Ultraviolet 

.03199 

4 

.0 1  oOO 

9.0  J 

2.  53 

.  5 

Re  sidual 

.13473 

81 

.  00  1  b6 

.  0 

T  otal 

16.15551 

89 

100.0  «. 

r 

■^Denotes  significant' e  at  the  .  05  level. 


combi. lations  of  stresses  causing  differences  to  occur  in  the  mean  lives  of 
the  parts  under  test. 

The  logarithmic  means  of  each  of  the  9  O-rirg  lest  runs  are  shown  in 
Table  5-4.  The  interval  between  means  required  before  significant  differ¬ 
ences  can  be  said  to  exist  is  calculated  as  .  03.  This  is  based  on  t  q5  with 
81  degrees  of  freedom  and  the  residual  mean  square  of  .  00166  from  the 
analysis  of  variance.  The  interactions  form  into  six  distinctive  groups  as 
described  by  their  means. 

TABLE  5-4.  TEMPERATURE  AND  ULTRAVIOLET  INTERACTIONS  ON 

O- RINGS 


Ua 

0^ 

Ultraviolet 

t> 

u 

No  UV 

.  1  Watt/ Ft.  1 

.2  Watt/Ft.  ^ 

** 

u 

200 

3.  24 

3.  14 

3.  11 

4> 

a 

£ 

250 

2.  57 

2.  53 

2.  54 

275 

2.  17 

2.  13 

2.  12 
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X 


os 


X. 


7c>; 


,V 


/2i*_ 

V  n  n 


R 


/TOO!  oo(J) 

J rs 

*1  *2 

t.oo  y.  000132 

-  1. 66  (.  01*2)  ^  Xt  -  X, 

1  i. 

.010  *  x,  -  5c, 

The  groups  form  as 
the  shortest 

follows  in  order  of  largest 

mean  life  and  descend  to 

Temperature 

Ultraviolet 

20U°F, 

no  U.  V.  --  1.  24 1 

Group  1 

200°F, 

200°F, 

.  1  \  afts /ft.  1  UV  --  3.  14  j 
.  2  watta/ft. 2  UV  =  3.  1 1  I 

Group  2 

250°F, 

no  U.  V.  =  2.  57 | 

Group  3 

250°F, 

250°F, 

.  1  watt/ft.  ^  =  2.541 
.  2  watt  /ft.  2  =  2.  53  1 

Group  4 

275°F, 

no  U.  V.  3  2.  17 j 

Group  5 

275°F, 

275°F, 

.  1  watt/ft.  2  2.131 

.  2  watt  lit.  2  =  2.  12  1 

Group  6 

From  the  above  analysis  it  can  be  seen  that  the  major  change  in  life 
reduction  occurs  as  higher  temperatures  are  used.  However,  where  ultra¬ 
violet  is  used  a  significantly  shorter  life  is  noticed.  In  no  case  is  the  effect 
of  the  2  levels  of  ultraviolet  of  sufficient  difference  *o  be  noticeable. 

5.3.2  FAILURE  ANALYSIS  OF  O- RINGS 


Edch  O-  ring,  after  failing  the  pressure  test,  was  inspected  under  a  micro- 
si  ope  to  determine  the  nature  of  the  failure  mode.  There  are  inly  two 
failure  modes  that  appeared  predominantly.  They  were: 

1.  Radial  fracture  or  deep  radial  cracking. 

2.  Circumferential  cracks  usually  on  the  outside  diameter  of  the  ring. 

3.  No  defect  visible. 
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To  gicr  a  better  vip*  of  the  frpqurm  v  of  ou  urrpiur  of  pii  K  of  the  above 
failure  minfe*.  rrfere n>  e  i »  made  to  Table  *  -  2  1  np  nurilip r *  in  pa  rent hr. e* 

c  or  re  spond  to  the  la  i  lure  mode  definition*  above .  Theiirxjmferrnt'ilxraik. 
that  appear  oc  ca  »iona  II  v  throughout  all  but  Te«t  Run  4  were  l<«  ated  rand.imly 
along  the  outer  »ur!aie*.  They  u«uallv.  but  not  a'aav*  cere  c  onne>  trd  t  • 
deepe  r  radial  t  rai  ha.  The  x  ircumfe  rential  x  ra>  ■  «  pr  r  i  #di.  ally  i  r"i>nl  the 
mold  line  on  the  outer  diameter  of  the  O-nng  The  tpirrilv  and  lrr'|  irn.y 
of  both  the  radial  _ nd  the  c  i r>  umie rentia I  c  rax  k*  did  n-  t  seem  t  •  lnrm  a 
pattern  that  increased  in  severity  with  stress,  The  lone  ex i  eption  to  thi*  was 
at  27^°T  where  a  larger  proportional  amount  of  c  in  umfe rential  crack* 
ouurrrd.  The  xle  tailed  xir  »x  r  ip!  ion  of  the  failure  ana  lx  si  s  of  ra<  h  O-ring 
appear*  in  Appendix  IV. 

5.  3.  3  ANALYSIS  RELATED  TO  LIKE  DISTRIBUTION  FUNCTIONS 

The  failure  data  fx>r  O- rings  v.as  plotted  on  the  Weibull  probability  paper. 
The  results  xif  this  are  ihimn  in  Appendix  VI-  3.  The  lines  of  best  fit  were 
i  alx  ulated  on  the  lomputer  by  the  nxethod  of  least  squares.  The  Weibull 
shape  (3)  and  sxale  (a)  parameters  were  xalx  ulated  and  are  s_mmari/ed  in 
Table  5-5.  Alpha  (<*g)  is  the  coded  value  corresponding  to  the  scale  param¬ 
eter  that  can  be  obtained  from  the  Weibull  plot  of  ea.  h  test  run.  Alpha  lau) 

>s  the  unxoded  value  of  the  scale  parameter. 


TABLE  5-5.  SUMMARY  OK  WEIBULL  PARAMETERS  FROM  O-RING  TESTS 


Us 

l» 

Is 

9 

w 

It 

Is 

V 

a. 

c 

£ 

H 

230 

Ultraviolet  Exposure 

No  UV  .  1  Watt  /  Ft^  .  2  Watt/  Ft^ 

3  *  17.75  P  *  10.71  3  =  11.01 

<*J  -  19.930  <*j  =  48.424  <*3--  22,646 

So  =  35.436  x  10’!  <*0  =  65.  324  x  I029  a0  24.  277  x  10J0 

2S0 

U  P  *  8.  12  0  xl2.46 

a2  *  102.  740  ag  -  25.  330  <»g  c  2314  x  lo’ 

a0  *  85.069  x  1017  a,,  c  43.618  x  I0lb  «0  -  19.248  x  1 0"* 1 

27b 

P  *  14.68  3  *  7.94  3  =  5.  17 

ag  *  403.43  «g  =  15.487  <*g  s  4  95 

aQ  *  92.  426  x  1027  aQ  =  1 19.  1 1 1  x  1012  au  s  106.  326  x  10b 

5.  4  SELECTION  OF  ACCELERATED  TEST  METHOD  (O- RINGS) 


It  would  appear  that  any  of  the  stresses  induced  during  the  O-nng  tests 
would  result  in  an  acceleration  of  the  failure  of  the  parts.  Temperature 
exerts  by  far  the  most  significant  effect  on  the  life  of  O-nngs,  tut  ultra¬ 
violet  has  demonstrated  its  usefulness  also  as  an  accelerating  strrss.  The 
true  validation  of  whether  or  not  the  results  found  in  this  study  are  translat¬ 
able  to  the  life  of  O-  rings  at  some  other  range  of  temperatures  cannot  be 
answered.  The  basic  relationships  shown  here  doubtless  vary  for  parts 


as 


-’'-i 


j 


i 


produced  from  different  material*.  However  the  main  objective  of  the  teat 
has  hern  ac  c  ompli »hed  --  namely  demonstrating  how  the  life  of  a  given  type 
of  O-ring  varies  when  subletted  10  a  given  application,  under  various  com¬ 
binations  of  ultraviolet  and  temperature  stresses.  It  has  also  been  demon¬ 
strated  that  a  i  cmbined  environments  test  involving  both  temperature  and 
ultraviolet  results  in  an  added  redu-  tion  in  life  that  would  not  be  in  effect  if 
the  temperature  and  ultraviolet  were  applied  separately  or  sequentially. 
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SFCTION  6.0  TIMING  BE  LTF 


6.  I  SUMMARY 

The  timing  belts  selected  for  study  were  operated  at  normal  stress  levels 
(1/15H.P.  load  with  a  pulley  containing  18  teeth)  and  at  8  other  combinations 
ot  load  and  pulley  diameter  calculated  to  result  in  accelerated  stress  levels. 

A  lull  factorial  experiment  was  planned  with  8  replications  in  each  cell.  Not 
enough  failures  were  observed  during  the  contract  period  to  allow  performance 
of  e  ther  an  analysis  of  variance  or  to  study  the  ch  ■  rac tc ri stic  failure  distri¬ 
butions  of  these  parts  operated  at  the  ■  -nous  combined  stresses.  Several  of 
the  lailures  that  vere  observed  appeared  to  be  infant  mortalities  however  and 
this  point  bears  further  stuay. 

6.  I  DETAILS  OF  THE  INVESTIGATION 

6.  2.  1  SELECTION  OF  STRESSES 

The  timing  belt  selected  for  study  had  the  following  properties: 

I  /  S  pitch 

I I  inch  pitch  length 
60  teeth 

.037  inches  wide 

The  teeth  were  of  neoprene  with  nylon  facing.  The  tension  member  was 
steel  cable  with  neoprene  backing. 

Manufacturer's  information  was  primarily  aimed  at  selection  for  specific 
application.  A  maximum  operating  temperature  range  of  -30°  to  +185°F  was 
indicated.  Field  experience  has  shown  a  life  expectancy  of  8000  hour?  if 
operated  at  room  temperature  and  if  all  recommended  design  practices  were 
followed  for  the  application. 

An  investigation  of  usable  accelerating  stresses  included  those  that  would 
be  introduced  by  the  following  conditions: 

Fluctuating  load 
Reverse  bending 
Belt  speed 
Belt  load 

Pulley  size  (Flexing  Radius) 

Temperature 

Sunlight 

Ozone 

Humidity 

Corrosive  Atmosphere 
Misalignment 
Initial  Tension 
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Sine*1  forecasts  and  initial  tests  indicated  that  a  long  duration  of  test  tn..*> 
would  ho  involved,  those  fat  tors  that  would  cause  relatively  rapid  failures  of 
fho  test  setup  were  ehrmr  ated.  Stresses  that  would  present  difficult  control 
or  dupln  ation  problems  were  eliminated.  This  resulted  in  the  selection  of 
the  tollowmg  at  celera’ir.g  stress  factors: 


Load 

Pulley  sire 
Orone 

Preliminary  tests  indicated  that  a  load  in  excess  of  1/4  horsepower 
resulted  in  consistent  "tooth  jumping"'  on  the  minimum  pulley  sire  which  pro¬ 
vided  the  upper  load  limit.  The  lower  limit  was  established  by  ca'culating 
the  recommended  load  condition  and  adding  15%  resulting  in  a  load  of  1/15 
horsepower.  An  intermediate  load  of  1/8  horsepower  was  then  selected. 

Maximum  pulley  sire  was  established  by  using  the  18  tooth  julleyr  which 
is  the  smallest  sire  indicated  by  design  charts  for  the  recommended  load. 

The  minimum  pulley  sire  was  established  by  selecting  the  smallest  standard 
size  available  that  would  fit  on  the  shaft  diameter  required.  The  12  tooth 
pulley  size  titted  these  requirements. 

VS  bile  ozone  was  selected  as  an  accelerating  stress  to  be  applied,  explora¬ 
tory  tests  resulted  in  great  difficulty  m  its  generation  and  measurement. 
Hence  its  use  as  an  accelerating  stress  was  discontinued. 

.he  stress  levels  selected  and  used  in  the  testa  were: 

Applied  Stress  Normal  Intermediate  Maximum 

Load  1/15  H.P.  1/8  H.P.  1/4  H.P. 

Pulley  Size  18  tooth  1 5  tooth  12  tooth 

The  test  method  used  is  described  in  detail  in  Appendix  V-4. 

6.2.2  STATISTICAL  EXPERIMENTAL  DESIGN 

As  in  the  studies  relating  to  switches,  relays,  and  O-rings,  a  factorial 
experiment  was  devised  for  use  in  studying  the  reliability  characteristics 
of  timing  belts  under  various  combinations  of  stresses.  The  stresses  and 
stress  levels  specified  are  shown  in  Table  6-1. 
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TAIU.K  6-1.  FACTORIAL  tXPKR'Mi  NT  FOR  TIMING  BELTS 


Pulley  Si/c  (No.  o i  Teeth) 


18 

1  5 

U 

u 

•V  ? 

1/15 

(1) 

(4) 

(7) 

o  ^ 

J  s 

1/7 

(2) 

(5) 

(8) 

w 

1/4 

(3) 

(6) 

(9) 

The  numbfti 

in  parentheses 

are  designations 

used  to  identi  fy 

e  ac  h 

of  five  bolts  tested  at  a  given  combination  of  stress  lev.  Is.  For  example 
Test  Run  9  consisted  of  5  belts  tested  at  a  load  o.  1/4  horsepower  using 
12  tooth  pulley. 

6.  2.  3  FAILURE  ANALYSIS  OF  TIMING  BELTS 


At  failure  each  belt  was  subjected  to  a  visual  failure  analysis.  The  results 
of  this  inspection  were  entered  on  the  data  record  sheet  and  the  belt  was 
placed  into  an  envelope  bearing  its  identification  number. 

6.2.4  DEFINITION  OF  FAILURE 

Failure  of  a  timing  belt  was  defined  as  the  loss  of  ability  to  transmit  the 
required  load.  Cracking  or  other  deterioration  were  not  considered  failures 
as  long  as  the  belt  still  could  transmit  power.  In  general  failure  occurred 
by  either  breaking  of  the  belt  or  by  shearing  off  of  the  teeth. 

6.  3  RESULTS  OF  TEST  PROGRAM 

'■  *  '■  original  test  plan  called  lor  the  operation  of  5  belts  to  failure  in  each 
of  the  9  test  runs.  However  only  a  total  of  9  failures  were  observed  during 
the  entire  test.  Table  6-2  shows  the  test  hours  accumulated  at  each  of  the 
combined  stress  conditions.  A  total  of  66,  460  part  hours  were  recorded. 

It  will  be  noted  that  different  production  lots  are  included  in  the  test 
program.  This  occurred  because  a  pilot  purchase  lot  was  obtained  to  do 
exploratory  testing  in  the  selection  of  stress  levels.  After  the  stress  levelr 
were  fixed  a  large  lot  of  parts  was  obtained  from  a  single  manufacturing  lot 
with  the  purpose  of  testing  5  belts  in  each  test  run  from  this  lot.  However  it 
was  observed  that  all  failures  were  of  parts  from  the  first  lot.  Furthermore 
the  results  which  have  been  obtained  are  quite  erratic.  An  insufficient  num¬ 
ber  of  failures  was  observed  and  therefore  no  analysis  was  attempted  with  the 
available  data.  The  only  possible  conclusion  that  might  be  reached  is  that 
some  infant  mortality  failures  were  observed  and  perhaps  burn  in  tests  of 
one  type  or  another  might  be  considered  as  a  reliability  screening  device  for 
this  type  of  part.  A  failure  mode  change  did  seem  to  be  operating  at  the 
higher  stress  levels  where  failure  occurred  by  stripped  teeth  rather  th..n  by 
belt  breakage. 
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7.0  CONCLUSIONS 


I 


This  srcti  >n  i«  a  summary  o;  the  conclusions  of  the  entire  study.  The 
first  part  of  the  discus. .on  mil  lie  d. voted  to  general  comments  ard  then  the 
specific  conclusions  related  to  each  part  studied  will  be  presented. 

7.  1  GENERAL 

As  stated  in  the  discussion  on  validation,  the  true  measure  of  whether  or 
not  the  accelerated  test  nv-dcls  developed  in  this  stud)  can  relate  the  reliability 
of  a  part  tested  under  severe  stresses  to  that  of  '.ne  same  part  h-d  it  been 
operated  at  normal  stresses  will  have  to  await  additional  verification.  One  or 
perhap  :  more  than  one  of  the  models  must  mathematically  represent  the 
physical  failure  process  occurring  over  the  lif»  span  of  the  parts  being  oper¬ 
ated.  Additional  test  results  performed  at  both  accelerated  and  normal 
conditions  must  be  compared  with  those  obtained  in  the  present  study. 

A  second  general  conclusion  relating  to  accelerated  reliability  testing  is 
that  tests  of  this  rature  should  be  performed  in  the  presence  of  combined 
stresses.  The  analyses  performed  on  snap  action  switches,  crystal  can 
relays,  and  on  O-nng*  all  yielded  interactions  that  resulted  in  test  time  re¬ 
ductions  greater  than  if  only  a  single  stress  had  been  used. 

The  cumulative  tailure  distribution  is  a  measure  of  the  desirability  of  a 
given  combination  of  stresses  for  use  as  an  accelerated  reliability  test 
method.  If  the  stresses  result  in  a  Weibull  life  distribution  having  parameters 
that  result  in  a  high  probability  of  failure  at  a  mean  lne  that  is  shorter  than 
that  of  parts  tested  at  normal  operating  conditions,  then  a  plot  of  the  cumu¬ 
lative  failure  distribution  will  demonstrate  this  attribute. 

Five  mathematical  models  have  been  presented  which  could  be  representa¬ 
tions  of  the  physical  deterioration  occurring  during  an  accelerated  test. 

These  are:  (1)  the  special  case  where  the  Weibull  shape  parameter  (/f)  for 
the  accelerated  test  is  the  same  as  for  the  test  at  normal  conditions,  and 
the  Weibull  scale  parameter  (a)  changes  by  some  constant  factor;  (2)  and 
(3)  where  the  Weibull  shape  parameters  (0)  of  the  accelerated  and  normal 
tests  are  in  constant  ratio  to  each  other  (4)  where  the  change  from  accele¬ 
rated  to  normal  conditions  is  reflected  as  a  time  transformation  of  hazard 
rates,  and  (5)  the  change  from  accelerated  to  normal  conditions  is  reflected 
*•  the  arithmetic  difference  bet've-n  the  Weibull  shape  parameters  (/3). 

7.  2  SNAP  ACTION  SWITCHES 

The  specific  conclusions  found  regarding  the  reliability  characteristics  of 
snap  action  switches  are  as  follows. 

1.  Some  stresses  that  affect  the  mean  life  of  these  parts  are  activation 
rate,  contact  load  and  contact  overtravel.  The  interactions  of  contact 
loads  and  actuation  rates  and  contact  loads  and  overtravel  also  are 
significant  affectors  of  life  over  the  ranges  included  ip  this  study.  Of 
the  stresses  mentioned,  contact  load  exerts  the  greatest  amount  to 
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'  the  reduction  i>i  the  >•*  ir.tfd  numl>rr  of  cy»  les  to  failure  ind  hence 
should  very  likely  <l»iyi  he  included  as  one  of  the  ac cele racing  stresses 
in  any  avcelera'.eu  rtliabil’ly  test  method  for  action  switches 

2.  A(.lirovimat*'y  the  »ame  results  are  obtained  for  'actors  affecting  the 
mean  life  of  snap  action  awttchea  whether  the  criterion  for  failure  ia 
either  cytlra  to  first  mm  or  cycle*  t.>  totil  failure. 

).  Thr  cycle*  to  failure  of  snap  action  switches  appear*  to  fit  the  Wcibull 
distribution.  Thr  estimate*  of  the  Weibull  shape  parameter  if)  and 
the  Weibull  scale  parameter  (a)  vary  when  the  parte  are  tested  under 
varying  combinations  of  operating  and/or  environmental  stresses. 

The  Weibull  location  parameter  (y)  appears  to  be  sero  over  all  ranges 
of  test  conditiors  studied. 

4.  The  operating  parameters  (operate  force,  release  force,  and  contact 
resistance)  of  snap  action  switches  vary  ov  r  time,  but  it  was  not 
possible  to  say  that  a  pattern  was  observed  that  could  be  utilised  in 
some  form  as  an  indication  of  part  life. 

5.  Test  Run  IS  (10  amps  contact  load,  .010  inches  contact  overtravel, 
and  100  eye  lrs/inmute  actuation  rate)  and  Teat  Run  14(10  anvil 
contact  load,  .  010  inches  contact  overtravel,  and  ISO  cycles  p.*r 
minute)  represent  the  comb  nations  of  operating  and  environmental 
stresses  that  appear  to  be  the  most  favorable  sets  of  conditions  'or 
use  as  accelerated  reliability  test  methods  for  snap  action  twitches. 

b.  The  major  failure  mode  '■’userved  was  a  burning  and  erosion  of  the 
leaf  spring  and  contacts.  At  IS  amps  regardless  of  actuation  rate 
and  overtravel  tne  predominant  failure  mode  cl.»,ved  to  welded  con* 
tacta.  This  was  also  true  at  10  ampa  and  .  00S”  overtravel. 

7.  3  CRYSTAL  CAN  RELAYS 

1.  The  mean  life  of  relays  is  affected  by  contact  load,  ambient  tempera* 
ture  and  the  contact  load  X  temperature  interaction.  Contact  load  ia 
the  stress  that  most  seriously  reduces  life  over  the  ranges  of  stresses 
studied. 

2.  Approximately  the  same  effects  are  noticed  as  determinants  of  relay 
mein  life  whether  the  failure  criterion  ie  first  miss  or  total  failure 
(3rd  miss.  ) 

3.  Cycles  to  first  miss  of  crystal  can  relays  fail  according  to  the  Weibull 
distribution.  The  Weibull  rhape  parameter  (/)»  and  the  Weibull  scale 
parameter  (a)  are  different  at  varying  combinations  of  stresses.  The 
Weibull  location  parameter  ( y )  appears  to  be  zero  over  the  ranges  of 
stresses  studied. 

4.  The  operating  parameters  of  relays  which  were  measured  (co.’l 
resistance,  contact  resistance,  pickup  voltage,  dropout  voltage, 
operate  time,  releaae  time,  and  contact  bounce)  vary  over  time  *• 
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expected  but  lurthrr  study  »ill  be  required  t>  determine  whether  or 
not  th-v  (in  >e  u»ed  a*  prrdic'or*  of  the  expected  life  of  relay* 
operated  'inder  a  given  >it  of  stresser. 

b.  Test  Run  22  (f>  amps.  2  S°C .  and  10  eye  lr»/«rt ond)  and  Test  Run  I  ^ 
(6  amps.  1 and  10  cyiles  per  second*  >*e  tno  set#  of  tombimd 
environmental  and  operating  stresses  that  .  ;>p<  »red  t .»  offer  the 
promise  of  favorable  results  when  used  as  an  accelerated  reliability 
test  methods  lor  this  type  of  relay. 

b.  The  predominant  failure  .node  was  n  atenal  transfer  of  the  contacts 
or  blade  with  failure  eventually  occurring  when  the  contact  gap  was 
beyond  the  range  of  blade  travel.  At  (*  amps  contact  load  the  failurr 
mode  changed  to  a  predominance  ol  welding  of  the  contacts  and  bl..de. 
There  was  also  a  good  deal  of  failure  due  to  melting  of  one  of  tne  tw  > 
arms  of  the  bifurcated  contacts  if  they  were  not  perfectly  aligned. 

7.4  O- RINGS 


The  tests  conducted  on  O-rings  for  the  purpose  of  developing  an  accelerited 
reliability  test  method  have  resulted  in  the  following  conclusions 

1.  The  mean  life  of  O-rings  is  significantly  reduced  by  the  application  of 
temperatures  from  200  to  27S°E  and  by  exposure  to  ultraviolet 
radiation.  The  net  effect  in  reducing  test  time  is  enhanced  by  the 
use  of  both  temperature  and  cltraviolet  in  a  combined  environments 
test.  Temperature  Contributes  the  major  share  of  the  damage  hut 
ultraviolet  dors  add  a  significant  amount  also. 

2.  The  O-rings  tested  appear  to  fit  either  the  Weibull  or  the  normal 
distribution.  The  Weibull  shape  (j3)  and  scale  (a)  parameters  vary 
with  the  severity  of  the  test  conditions.  The  location  parameter  (y) 
appears  to  be  zero. 

J.  The  major  failure  mode  observed  was  radial  cracking.  There  was 
some  circumferential  cracking  usually  in  combination  with  radial 
cracking  but  it  did  not  form  a  pattern  that  could  be  construed  to  be  a 
change  in  failure  mode  as  the  severity  of  stresses  increased 

7.  5  TIMING  BELTS 

Not  enough  failures  were  observed  to  result  in  the  specification  of  an 
accelerated  test  method.  It  is  possible  that  the  major  fact  gained  from  the 
study  of  timing  belts  ia  that  there  did  seem  to  be  a  few  infant  mortality 
failures  which  might  suggest  that  burn  in  tests  migft  screen  these  out. 


i 


SECTION  8.  0  RECOMMENDATIONS 


8.1  GENERA. 


I.  This  report  ha*  proposed  a  certain  accelerated  te*t  method  for  the 
part*  under  tent  and  certain  mathematical  model*  which  can  be  used 
*o  rel-’te  normal  and  accelerated  test  condition*. 

The  selection  of  accelerate^  te*t  conditions  na*  amounted  to  specifying 
a  unique  point  in  three  dimensional  euclidean  space  after  having  studied 
a  total  of  27  points  in  three  space.  These  27  points  were  relatively 
widely  spaced  in  this  study  and  the  optimum  point  (with  t.“d  to  tlie 
27)  was  reasonably  easily  located.  It  is  recommended  '  .at  in  s.irther 
study  the  region  around  the  optimum  point  be  evaluated  for  a  ''!  cal 
optimum."  Slight  change*  in  the  levels  of  the  env. ronmrnul  f.ctors 
may  lead  to  better  results  than  those  obtained  at  the  p.esi .  .  optimum. 
This  will  be  accomplished  by  an  experimental  design  similar  to  .he  one 
used  in  this  study  with  the  difference  that  a  fractional  factorial  may  he 
used. 

Another  area  requiring  rather  ntenfivr  study  is  the  selection  of  one 
model  which  reasonably  represe-la  the  manner  of  proceeding  from 
accelerated  test  parameter,  sa',  a\  and  Pa  to  normal  teat  parameters 
say  a^j  and  fjjq.  It  is  suggested  that  ir.  future  investigations,  data  be 
obtained  which  will  check  ti.e  va’.idi",  of  the  algorithms  of  the  model* 

(1,  2,  3,  4,  5)  given  and  select  Uie  model  which  best  represent*  the 
failure  laws  operating. 

Finally  the  actual  results  obtained  from  this  study  in  the  analysis  of 
variance  will  be  compared  io  the  results  obtained  in  future  investigations 
to  make  sure  that  the  observed  results  of  this  study  ar«  reproducible 
to  some  extent. 

2.  There  were  definite  indications  in  the  present  study  on  both  switches 
and  relays  that  approximately  the  same  conclusions  can  be  made 
whether  these  parts  are  tested  to  first  miss  or  »o  some  form  of  tola! 
failure.  One  drawback  to  this  might  be  that  the  analysis  of  failed  parts 
would  not  show  the  degree  of  damage  that  longer  tests  provide.  It  is 
felt  from  having  inspected  all  of  the  failed  parts  that  a  satisfactory 
trend  could  be  observed.  It  is  therefore  recommended  that  future  tests 
of  this  nature  not  be  continued  until  total  inoperability  of  the  part 
occurs. 

3.  Future  studies  on  switches  and  relays  should  be  conducted  on  the  same 
part  used  in  this  study,  using  the  same  test  method  and  the  same  stress 
levels  which  were  defined  as  normal  operating  conditions  in  this  study 
program.  This  will  result  in  an  estimate  of  the  variation  between 
manufacturing  lots  of  parts. 

4.  Future  studies  should  be  directed  to  an  examination  of  possibility  of 
using  a  given  accelerated  reliability  fast  method  for  parts  produced 
by  different  manufacturers. 
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$.  There  »hould  be  continued  periodic  turvenUnce  of  the  operating 
parameters  at  cert.nr  Vey  stress  levels  to  obtain  more  conclusive 
evidence  ol  their  movement  during  switch  life. 

8.  2  SNAP  AC  HON  SWITCHES 

Further  study  in  the  refining  of  the  specification  of  an  optimum  accelerated 
reliability  t-  »t  rn'*,h<~d  for  snip  action  switches  should  be  ..entered  around 
either  Test  Run  14  (10  amps  contact  load,  .CIO  inches  contact  overtravel, 
and  150  cycles /  minute*)  or  Test  Run  15  (10  amps  contact  load,  .010  .nches 
contact  overtravel,  and  300  cyclcs/minute.  )  These  two  combinations  of 
operating  and  environmental  stresses  met  all  of  the  criteria  suggested  in 
Section  1. 4  and  thus  qualuicd  at#  methods  worthy  of  further  study  and  vali¬ 
dation  as  accelerated  reliability  test  rnet.iods. 


g  3  RELAYS 

The  search  for  an  ac<  derated  reliability  test  method  fo.  lelays  should 
be  centered  around  Test  Run  *.*1  (o  amps,  25*C,  and  30  cycle s/ second)  and 
Test  Run  Is*  (t>  amps  contact  load.  150#C,  and  10  eye les /second)  from  the 
present  stud*-.  Additional  study  in  these  general  areas  of  stress  levels  may 
l  iad  to  a  set  of  cond.tions  that  will  yield  an  optimum  accelerated  test  method. 


8.4  O- RINGS 


l.  More  information  is  required  on  the  life  characteristics  of  O-rings 
at  less  severe  operating  stresses.  The  results  in  this  study  are 
valid  for  only  the  range  200"F  to  275*F.  Estimates  of  life  at  room 
temperature  are  required. 


2.  A  stronger  ultraviolet  exposure  is  suggested.  The  two  exposure  rates 
used  in  the  present  study  did  not  result  in  mean  part  lives  different 
from  one  another.  They  did  reduce  life  significantly  over  the  test 
runs  where  no  ultraviolet  was  used.  Therefore  a  more  severe  ultra¬ 
violet  environm“nt  would  likely  result  in  a  larger  reduction  in  mean 
part  life. 
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8.  5  TIMING  BELTS 

1.  The  major  recommendation  regarding  timing  belts  is  that  a  greater 

number  of  observations  of  failure  is  required  before  any  determination 
can  be  made  as  tc  the  desirability  of  these  combinations  of  stresses 
as  accelerated  test  methods. 
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APPENDIX  I.  CUMULATIVE  FAILURE 
DISTRIBUTIONS  (SWITCHES) 

2 

I 

The  following  chart*  (Figure*  1-1  through  1-9)  are  the  cumulative  failure 
4i*tnbution*  for  Te*t  Run*  I  through  *7  for  *nap  action  (witches. 
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APPENDIX  II.  cumulative  failure 
DISTRIBUTIONS  (RELAYS) 


The  following  chart*  (Figure*  II  - 1 
distributions  for  Te»t  Run*  1  through 


through  ll-'i)  are  the  cumulative 
^  7  tor  c  r y  » t a  1  can  relay*. 
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APPENDIX  III 

FAILURE  ANALYSIS  OF  RELAYS 


This  appendix  is  a  detailed  description  of  the  failure  analysis  performed  on 
the  relays  tested  during  this  study  program. 

A.  Failure  Modes 

1.  Material  transfer  between  the  normally  open  contact  and  the  blade, 
increased  the  contact  gap  beyond  the  limits  of  blade  travel. 

2.  Material  erosion  from  the  normally  open  contacts  or  from  the  blade, 
increased  the  contact  gap  beyond  the  limits  of  blade  travel. 

3.  Normally  open  contacts  welded  to  the  blade. 

4.  Normally  open  contact  melted  forming  into  a  droplet  or  ball,  reducing 
the  contact  gap. 

5.  Blade  bec'me  distorted  so  that  the  normally  open  contact  makes  before 
the  normally  closed  contact  breaks. 

3.  Detailed  Description  of  Failures  of  Each  Relay 

Test  Run  #1:  3  amps,  25°C,  1  cycle/ second 

Relay  #35;  Failure  Mode:  1 

Bottom  arm  of  bifurcated  contact  has  burned  through  blade.  Material 
transferred  to  NO  contact. 

Relay  #36;  Failure  Mode:  1 

Top  arm  of  bifurcated  contact  burned  through  blade;  heavy  material 
transfer  to  NO  contact. 

Relay  #87,  88;  Failure  Mode:  1 

Heavy  material  transfer  to  NO  contacts  increasing  gap  beyond  range  of 
blade  travel. 

Relay  #89;  Failure  Mode:  1,  4 

Lower  arm  of  bifurcated  contact  burned  through  blade,  then  melted 
back  to  nub;  upper  arm  burned  through  blade  with  heavy  material 
transfer  to  NO  contact. 

100°C,  1  cycle/ second 

Relay  #50;  Failure  Mode:  2 

Moderate  blade  erosion,  slight  contamination  on  header,  posts  and  NO 
contacts. 

Relay  #51;  Failure  Mode:  2 

Moderate  blade  erosion;  one  arm  of  contact  finally  wore  through  the 
blade;  very  Vttle  contamination. 
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Relay  #141,  142,  143;  Failure  Mode:  2 

Moderate  blade  erosion;  some  material  transfer  to  NO  contact;  slight 
contamination  on  header. 

Test  Run  #3;  3  amps,  150°C.  1  cycle/ second 

Relay  #39,  40,  96,  97,  98;  Failure  Mode:  1 

Slight  material  transfer  to  blade;  h^les  worn  in  NO  contacts;  powdery 
white  deposit  on  entire  header  cu.-face;  brownish  powder  deposited  or. 
header,  post. 

Test  Run  #4:  6  amps,  25°C,  1  cycle/ second 
Relay  #1;  Failure  Mode:  1,3 

Heavy  material  transfer  to  NO  contact;  finally  welded  and  then  oroke 
off;  black  deposit  on  header,  posts. 

Relay  #4;  Failure  Mode:  1,4 

Moderate  material  transfer  to  NO  contact  (upper  arm  of  bifurcated 
contact);  lower  arm  of  contact  melted  back  into  a  ball,  reducing  contact 

gap- 

Relay  #90;  Failure  Mode:  1 

Heavy  material  transfer  to  NO  contact. 

Relay  #91;  Failure  Mode:  1,  4 

Ends  of  NO  contact  meltec  back  into  ball,  decreasing  gap;  small  amount 
of  material  transfer. 

Relay  #92;  Failure  Mode:  1 

Moderate  material  transfer  to  NO  contact;  heavy  contamination  on 
header  and  frame. 

Test  Run  #5:  6  amps,  100°C,  1  cycle/second 
Relay  #6;  Failure  Mode:  1,3 

Heavy  material  transfer  to  NO  contact  and  finally  welded,  contamination 
resembles  vaporized  metal  (brownish  color). 

Relay  #6;  Failure  Mode:  1 

End  of  NO  contact  melted;  slight  transfer  of  material  to  blade;  slight 
contamination. 

Relay  #144,  157;  Failure  Mode:  1 

Heavy  material  transfer  to  NO  contact;  holes  in  blades. 

Relay  #145;  Failure  Mode:  l 

Slight  material  transfer  to  NO  contact;  slight  contamination  (black). 
Relay  #146;  Failure  Mode:  1 

Moderate  material  transfer  to  NO  contact;  heavy  metallic  contamina¬ 
tion  on  header;  holes  in  blade. 
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lest  Run  6:  fe  amps,  150°C,  I  cycle/ second 


Relay  #118,  119,  1 21 ;  Failure  Mode:  1 

Heavy  material  transfer  to  blade;  metallic  deposit  on  header;  heavy 
contamination  on  header,  posts  (brown  powder). 

Relay  r*2C';  Failure  Mode:  1,  4 

Heavy  material  transfer  to  NO  contact;  one  arm  of  contact  melfcd  back 
to  form  ball;  holes  worn  in  blade;  heavy  contamination  (metallic)  on 
all  header  surfaces. 

Relay  (1122;  Failure  Mode:  1 

Heavy  metal  transfer  between  blade  and  NO  contact;  heavy  contamina¬ 
tion  on  header. 

Test  Run  #7;  8  amps,  25°C  ,  1  c  ycle/ «.  econd 
Relay  #22,  Failure  Mode:  3,  4 

NO  contact  melted  ’nto  large  droplet  which  welded  to  blade;  could  ’  ave 
been  caused  by  bad  solder  joint  on  contact  post. 

Relay  #32,  81,  83,  Failure  Mode:  1 

Holes  in  blade;  heavy  material  transfer  to  NO  contact’  heavy  contamina¬ 
tion  on  header,  posts. 

Relay  #82;  Failure  Mode:  1,  4 

Holes  in  blade;  heavy  material  transfer  to  one  arm  of  contact;  other 
arm  melted  into  ball. 

Relay  #23,  28;  Failure  Mode:  4 

Contacts  melted  forming  droplet  or  ball,  reducing  gap. 

Relay  #24,  29,  30,  31,  33;  Failure  Mode:  3,  4  j 

One  contact  arm  melted  and  formed  ball,  ot  :ei  welded  to  blade. 

Relay  #28;  Failure  Mode;  4  ] 

One  arm  melted  forming  ball,  reducing  gap.  ^ 

Relay  #34;  Failure  Mode:  1,  4 

One  contact  arm  melted  into  ball,  other  burned  hole  in  blade. 

Test  Run  8:  8  amps,  100°C,  1  cycle/second 

Relay  #54,  55;  Failure  Mode:  4  j 

One  arm  of  bifurcated  NO  contact  melted  into  ball,  reducing  gap. 

Rela,  #147,  148;  Failure  Mode:  1 

Heavy  material  transfer  to  NO  contact;  holes  in  blade. 

Relay  #149;  Failure  Mode:  1 

Heavy  material  transfer  to  NO  contact;  holes  in  blade;  same  as  #147 
and  148  but  more  severe. 

i 

I 
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Relay  #158;  Failure  Mode;  1 

Moderate  transfer  to  NO  contact;  contamination  moderate. 

Test  Run  9:  8  amps,  1  50°C ,  1  cycle/second 
Relay  #41;  Failure  Mode.  1,  3 

Hole  eroded  in  blade,  moderate  material  transfer  to  NO  contact,  blade 
and  contacts  welded. 

Relay  #42;  Failure  Mode:  3,  4 

Initial  failure;  one  arm  of  bifurcated  contacts  melted  into  a  ball  and 
welded  to  blade. 

Relay  #45;  Failure  Mode:  1,  4 

One  arm  of  bifurcated  contact  melted  into  ball;  other  arm  received 
moderate  material  transfer  from  blado  (hole  in  blade);  light  contamina¬ 
tion  on  header. 

Relays  107,  108,  109;  Failure  Mode:  2 

Erosion  from  NO  contact  to  blade,  slight  contamination  on  header. 

Test  Run  10:  3  amps,  25°C,  10  cycles/ second 

Relay  #46;  Failure  Mode:  1 

Moderate  erosion  and  slight  material  buildup  on  blade;  heavy  contam¬ 
ination  on  header  (black). 

Relay  #47,  115,  117;  Failure  Mode:  1 

Heavy  material  transfer  to  blade;  ends  of  NO  contacts  melted  and 
transferred;  moderate  contamination  (black). 

Relay  #116;  Failure  Mode:  2 

Erosion  from  NO  contact  to  blade;  slight  contamination  on  header. 

Te at  Run  #1 1 :  3  amps,  1 00°C  ,  10  cycles  / second 

Relay  #52,  126,  127;  Failure  Mode:  1 

Ends  of  contacts  melting  and  transferring  to  Made;  heavy  contamination. 

Relay  #53;  Failure  Mode:  2 

Contacts  eroded  very  thin,  but  only  slight  buildup  on  blade;  slight 
contamination  on  header. 

Relay  #128;  Failure  Mode:  1,  3 

Ends  of  contacts  melting  and  moderate  material  transfer  to  blade; 
lightly  welded;  weld  broke  during  inspection. 

Test  Run  #12:  3  amps,  15Q°C,  10  cycles/ second 

Relays  #58,  59,  02,  134;  Failure  Mode:  2 

Slight  erosion  of  blade  toward  contact;  very  slight  damage  however. 

Relay  #133;  Failure  Mode.  1 

Moderate  material  transfer  to  blades;  ends  of  contacts  not  melting  off 
though--buildup  is  in  center  of  blade  and  is  smooth  in  contour  with 
corresponding  depressions  in  contacts. 
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Test  Run  #1  3.  6  amps,  25°C,  10  cy~.l e /  second 


Relays  #110,  111;  Failure  Mode;  l 

Heavy  materia'  transfer  to  olade;  heavy  black  contamination  on  header, 
posts. 

Relay  112;  Failure  Mode.  2 

Erosion  m  direction  cf  blade. 

Relay  113,  114:  Failure  Mode1  1 

Material  transferring  to  blade  but  from  only  one  atm  of  bifurcated 
contact;  contamination  black  and  sooty. 

Test  Ren  #14: _ 6  amps,  10QJC,  10  cycles/ second 

Relays  #150,  1  51,  1  52,  1  53;  Failure  Mode:  1 

Contacts  worn  through;  heavy  material  transfer  t<>  blade;  dark  gtey 
contaminati  cn. 

Relay  #154;  Failure  Mode:  1 

bometlung  violent  appears  to  be  going  on.  Both  edges  of  the  blade 
have  burned  off  with  lots  of  metal  splashing  around.  Metal  transferring 
in  d.rertior  of  contacts 

Test  Rur.  #’.5:  6  amps,  *C,  10  cycles/ second 

Relays  #135,  136,  1  „  ,  Failure  Mode:  2 

Slight  erosion;  appears  to  be  toward  blade,  but  hard  to  be  sure. 

Relay  1  55,  1  56;  Failure  Mode:  1 

Considerable  erosion  to  blade;  some  material  transfer;  holes  worn  into 
contacts. 

Test  Run  #16:  8  amps,  25°C,  10  cycles  /  second 

Relays  #43,  104,  Failure  Mode:  1 

Heavy  material  transfer  to  blade;  heavy  contamination  {black  and 
sooty) . 

Relays  #44,  106;  Failure  Mode:  3,  5 

Contacts  welded  to  blade  (both  arms  of  contact);  contacts  way  out  of 
alignment;  metal  discolored  and  annealed;  dir'ortion  possibly  due  to 
heating,  stress  relief. 

Relay  #105;  Failure  Mode:  3 

Both  arms  of  contact  welded  tightly  to  blade. 

Test  Run  #17:  8  amps,  100°C,  10  cycles/ second 

Relay  #56,  57;  Failure  Mode:  3,  4 

One  arm  of  contact  welded  tight;  other  arm  melted  into  bal*- 

Relay  #1  29,  130;  Failure  Mode:  1 

Heavy  material  transfer  to  blade;  lots  of  splatter. 
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R-  lay  »!  '1;  Failure  Mode:  1,  3 

End-  ,'i  contacts  metled  and  built  up  heavily  un  blade;  welded. 

lest  R m.  fid:  8  amps,  150°C,  10  cycles  per  second 

Relay  #7;  Failure  Mode:  1 

Heavy  material  transfer  to  blade;  contamination  golden  brown  metallic 
color,  header  base  completely  coated  with  white  powder. 

Relay  *8,  1  38;  Failure  Mode:  1 

Ends  of  contacts  melting  back  with  moderate  material  transfer  to 
blade;  header  posts  coaled  golden  brown  metallic  color. 

Relay  #139;  Failure  Mode:  1,  3,  4 

One  arm  of  biturcated  contact  welded  tight;  appears  to  have  begun  melt¬ 
ing  into  a  ball  prior  to  welding,  other  arm  has  slignt  wear  and  metal 
transfer  to  blade. 

Relay  *140;  Failure  Mode:  l 

Both  arms  of  contact  show  some  erosion;  one  arm  of  contact  however 
shows  heavy  material  transfer  to  blade. 

Test  Run  *19:  3  amps,  23°C,  30  cycles/ second 

Relays  *37,  38.  93.  95;  Failure  Mode:  1 

Heavy  material  transfer  to  blade  as  tips  of  NO  contacts  melted  back; 
light  contamination  on  header. 

Relay  #04;  Failure  Mode:  1 

Heavy  material  transfer  to  blade  however  buildup  was  on  only  one  arm 
of  bifurcated  contact. 

Test  Run  #20:  3  amps,  100°C,  30  cycles  /  second 

Relays  #48,  49,  123,  124,  125;  Failure  Mode:  2 

Material  erosion  in  direction  of  blade,  very  little  splatter  or 
contamination. 

Test  Run  *21:  3  amps,  150°C,  30  cycles/ second 

Relays  *26,  27,  84,  35,  86;  Failure  Mode:  2 

Material  erosion  in  direction  of  blade;  almost  no  contamination  on 
header. 

Test  R  an  #22:  6  amps,  3  5°C  ,  30  c  yc  le  s/ second 

Relays  #99,  100,  101,  102,  10  1,  f  ailure  Mode:  2 

Material  erosi.m  in  direction  o;  blade;  no  appreciable  material  trans¬ 
fer,  slight  contamination  un  header. 

Test  Run  *23:  6  amps,  100°C,  30  c yc le s /  second 

Relays  20,  21,  76,  77,  78,  Failure  Mode:  l 

Heavy  material  iransicr  to  blade,  contact  burned  off;  s’ligh.  contamina¬ 
tion  on  header. 
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rest  Run  024:  6  amps,  150°C,  30  cycles/ Sernn,4 


Rt'lay  #13;  Failure  Mode:  2  3 

onta^rlaCt;  N°  C°—  to  blade;  heavy 

R-'ay  #19.  Failure  Mode:  5 

ctnttTrZlt  ^  N°  — 1  -PP*- .  to  make  before  NO 

Relays  #73,  74.  75;  Failure  Mode:  1 

heeaadVeyr.material  transfer  to  biadei  moderate  to  heavy  contamination  on 

Relay  #16,  70;  Failure  Mode:  3 

•ne  am,  of  bifurcated  contacts  welded  to  blade. 

Relay  #17,  72;  Failure  Mode:  I 

r  cavy  material  transter  to  blade;  moderate  to  heavy  contamination. 

Relay  #71;  Failure  Mode:  3 

Bo,h  arms  no  co„,«c,s  welded  Ugh,ly  (o  bUde 

a  amp>i  j5UCi  30  cvf|ej/j>i,nrif) 

Note:  The  relays  in  Test  Run  ? «; 

supply.  Since  the  results  were  vasd'y  differ^  8  3  dlfferent  power 
returned  to  its  original  lorm.  V  fferent*  the  test  method  was 

RelNoV5;  *6,  67'  68>  69i  Fallu«  Mode:  3 
NO  contacts  and  blades  welded. 


Samps,  1_00°C,  30  cycles/ second 


RelE^ds#lf’Mn3'  64’  65,  66;  Failur*  Mode:  1 

to  blade;  with  heavy  material  transfer 


1  50°C ,  30  cycle./ second 


Relay  #0;  Failure  Mode:  5 

NC>1  con tac la  makef *  4"d  “»«*'**  NO  contact  make,  before 

Relays  10,  61;  Failure  Mode:  1 

conTamml u o^orl "h e"ad e l.  '°  ^  °f  N°  COntacts  burned  off;  heavy 
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Relay  11;  Failure  Mode:  1 

Ero  don  in  direction  of  blade. 

Relays  62,  63;  Failure  Mode:  1,  3 

NO  contact  welded  to  blade;  one  arm  of  bifurcated  NO  contact  burned  on 
end  with  heavy  material  transfer  to  blade. 
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appendix  IV 


failure  analysis  of  o-rings 


Ihi! Lappendix  is  a  ^tailed  description  of  the  failure  analyse  performed 
on  the  O-rings  tested  during  this  study  program.  V  Performed 


A.  FAILURE  MODES 


1.  Radial  crack  or  fracture 

2.  Circumferential  crack 

3.  No  visible  defect 


3.  DETAILED  DESCRIPTION  OF  FAILURES  OF  EACH  O-RING 
Test  Run  No.  1;  200«F.  No  Ultraviolet 
O-Ring  No.  2-1;  Failure  Mode:  1 
Fractured. 


O-Ring  No.  2-2;  Failure  Mode:  1 

Several  hairline  cracks  running  radially  across  outer  surface. 
O-Ring  No.  2-3;  Failure  Mode:  1,  2 

One  large  radial  crack,  2  circumferential  cracks 
O-Ring  No.  2-4;  Failure  Mode:  1 


One  large  radial  crack,  numerous  smaller  heirline 
across  outer  edges  of  ring. 


radial  cracks 


O-Ring  No.  2-5;  Failure  Mode:  1,  2 


»,in^/,raC,,U”d  *'  ,p“"-  Th«  i.  mad.  up 

r.dui!jr  "  "*Ck*  Wh‘Ch  pe,ijdic»Uy  cro,.  th.  mold  junctor. 


O-Ring  No.  2-6;  Failure  Mode:  1 

Numerous  deep  radial  cracks  across  mold  juncture. 
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O-Ring  No.  2-7;  Failure  Mode:  1 

Fractured  twice.  Surface  hard  and  smooth;  no  cracking. 

O-Ring  No.  2-8;  Failure  Mode  1,  2 

Deep  radial  crack  across  mold  juncture;  connects  to  small  series 
of  lesser  cracks. 

O-Ring  No.  2-9;  Failure  Mode:  1,  2 

Broke  in  2  places;  very  small  hairline  crack  on  circumference. 

O-Ring  No.  2-10;  Failure  Mode:  1 

Radial  fracture;  2  other  deep  radial  cracks  across  mold  juncture. 

Test  Run  No.  2;  200*F,  0.1  Watts/ Ft2  Ultraviolet 

O-Ring  No.  1  -51 ;  Failure  Mode:  1 

Radial  fracture;  several  other  deep  radial  cracks. 

O-Ring  No.  1-52;  Failure  Mode:  1 

Six  very  deep  radial  cracks;  nearly  through  ring  cross-section. 

One  crack  from  inside  diameter,  rest  from  OD. 

O-Ring  No.  1-53;  Failvre  Mode:  1 

Five  or  six  very  deep  radial  cracks  across  OD. 

O-Ring  No.  1-54;  Failure  Mode:  1 

Three  very  deep  radial  cracks  across  OD. 

O-Ring  No.  1-55;  Failure  Mode:  1 

Fractured  radially;  2  other  very  deep  radial  cracks  in  OD. 

O-Ring  No.  1 -56;  Failure  Mode:  l,  2 

One  deep  radial  crack  across  OD.  Also  a  series  of  circumferential 
cracks  at  mold  juncture  which  periodically  cross  it  radially. 

O-Ring  No.  1-57,  1-58;  Failure  Mode:  1 

Radial  fracture. 
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0-Ring  No.  1-59;  Failure  Mode:  1,  2 

Whole  series  of  closely  spaced  radial  cracks  in  OD.  One  large  one  in 
LD.  A  few  circumferential  cracks  connecting  the  radials. 

O-Ring  No.  1  -60;  Failure  Mode;  1 

Radial  fracture.  One  other  deep  radial  crack. 

Test  Run  No.  3;  200*F,  0.2  Watts/Ft2  Ultraviolet 

O-Ring  No.  1-41;  Failure  Mode:  1,  2 

Radial  fracture.  Also  small  circumferential  crack. 

O-Ring  No.  1-42;  Failure  Mode:  1 

Seven  or  eight  deep  radial  cracks  on  OD.  Two  or  three  deep  radial 
cracks  in  ID. 

O-Ring  No.  1-43,  1-46;  Failure  Mode:  1 

Fractured  radially;  one  other  deep  radial  crack  on  OD. 

O-Ring  No.  1-44,  1-45,  1-49.  1  -50;  Failure  Mode:  1 
Radial  fracture. 

O-Ring  No.  1-47;  Failure  Mode:  1 

Very  deep  radial  cracks  (many)  on  both  ID  and  OD.  Specimen 
fractured  during  inspection. 

O-Ring  No.  1-48;  Failure  Mode:  1 

Three  t'.eep  radial  cracks  on  OD,  one  on  ID. 

Test  Run  No.  4;  250*F,  No  Ultraviolet 

O-Ring  No.  2-61;  Failure  Mode:  1 

Very  deep  radial  cracks  on  OD. 

O-Ring  No.  2-62,  2-66;  Failure  Mode:  1 

One  deep  radial  crack  on  OD. 
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0-Ring  No.  2-63,  2-65,  2-70;  Failure  Mode:  1 


Radial  fracture. 

O-Ring  No.  2-64;  Failure  Modi:  1 

One  very  deep  radial  crack  on  OD;  several  lees  severe. 

O-Ring  No.  2-67,  2-68;  Failure  Mode:  1 

Two  deep  radial  cracks  in  OD. 

O-Ring  No.  2-69;  Failure  Mode:  1 

Radial  fracture  -  at  foreign  matter  inclusion. 

Test  Run  No.  5;  250*F.  0.1  Watts/Ft2  Ultraviolet 

O-Ring  No.  2-71.  2-76;  Failure  Mode:  3 

No  defects  visible. 

O-Ring  No.  2-72;  Failure  Mode:  1 

Fractured  radially;  also  deep  radial  crack  on  ID. 

O-Ring  No.  2-73;  Failure  Mode:  1,  2 

Radial  fracture;  several  deep  radial  cracks  on  OD  and  a  few  minor 
circumferential  cracks  at  OD. 

O-Ring  No.  2-74;  Failure  Mode:  1,  2 

Radial  fracture  -  a  few  deep  circumferential  cracks. 

O-Ring  No.  2-75,  2-77,  2 -80;  Failure  Mode:  1 

Radial  fracture. 

O-Ring  No.  2-78;  Failure  Mode:  1,  2 

Deep  radial  crack  on  OD,  connecting  with  network  of  circumferential 
cracks. 

O-Ring  No.  2-79;  Failure  Mode:  1 
Deep  radial  crack  on  OD. 
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Test  Run  No.  6;  250*F,  0.2  Watta/Ft2  Ultraviolet 
O-Ring  No,  2-81,  1  -82,  2-88;  Failure  Mode;  1 
Radial  fracture;  deep  radial  crack  on  OD. 

O-Ring  No.  2-83;  Failure  Mode:  3 
No  defect  visible, 

O-Ring  No.  2-84,  2-86;  Failure  Mode:  1 
Deep  radial  crack. 

O-Ring  No.  2-85,  2-90;  Failure  Mode:  1 
Radial  frac.ure. 

O-Ring  No.  2-87;  Failure  Mode:  1,  2 

Deep  radial  crack  connected  to  a  network  of  lesser  circumferential 


O-Ring  No.  2-89;  Failure  Mode:  1,  2 

Radial  fracture;  deep  radial  crack,  connected  to  network  of 
circumferential  cracks. 

Test  Run  No.  7;  275*F,  No  Ultraviolet 

O-Ring  No.  1-61;  Failure  Mode:  1 

Radial  fracture. 

O-Ring  No.  1-62;  Failure  Mode:  1,  2 

Deep  radial  crack  on  OD;  several  hairline  cracks  both  radial 
and  circumferential;  deep  circumferential  crack  on  internal 
mold  line. 


O-Ring  No.  1-63;  Failure  Mode:  2 


Deep  circumferential  cracks  near  inner  mold  line, 
circumferential  cracks  on  OD. 


A  few  hairline 
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O-Rir.g  No.  1-64;  Failure  Mode:  1,  2 

Deep  radial  crack  on  OD.  Several  lesser  circumferential  cracks 
on  both  ID  and  OD. 

C  •Ring  No.  1-65;  Failure  Mode:  1,  2 

Network  of  circumferential  cracks  on  entire  surface  which  cross 
mold  line  periodically.  One  moderately  severe  radial  crack. 

O-Ring  No.  1-66;  Failure  Mode:  1,  2 

Several  severe  radial  cracks  on  side  connecting  to  a  network  of 
circumferential  cracks  on  OD  mold  line. 

O-Ring  No.  1-67;  Failure  Mode:  !,  2 

Deep  radial  crack  connecting  to  network  of  circumferential  cracks 
on  OD.  Several  deep  circumferential  cracks  on  ID. 

O-Ring  No.  1-68;  Failure  Mode:  2 

Circumferential  cracks  on  both  ID  and  OD. 

O-Ring  No.  1-69,  1  -70;  Failure  Mode;  1,  2 

Deep  radial  and  circumferential  cracks  on  OD. 

Test  Run  No.  8;  275*F,  0.1  Watts/Ft2  Ultraviolet 

O-Ring  No.  1-71,  1-76;  Failure  Mode:  1 

Deep  radial  crack  across  OD. 

O-Ring  No.  1-72;  Failure  Mode:  1,  2 

Deep  radial  cracks  acroso  Hairline  circumferential  cracks 
at  OD  mold  line, 

O-Ring  No.  1-73;  Failure  Mode;  1,  2 

Radial  fracture;  very  deep  circumferential  cracks  at  OD  mold  line. 
O-Ring  No.  1-74;  Failure  Mode:  1,  2 

Deep  radial  and  circumferential  cracks. 


O-Ring  No.  1*75;  Failure  Mode:  1,  2 

Deep  radial  and  circumferential  crack*  at  OD. 

O-Ring  No.  1-77;  Failure  Mode:  1 

Radial  fracture;  two  deep  radial  cracks  across  OD. 

O-Ring  No.  1-79;  Failure  Mode:  1,  2 

Several  deep  radi.vl  and  circumferential  cracks. 

O-Ring  No.  1-79;  Failure  Mode:  1,  2 

Deep  radial  crack,  connected  to  network  of  deep  circumferential 
cracks  at  OD  mold  line. 

O-Ring  No.  1-80;  Failure  Mode:  1,  2 

Deep  radial  <~rack3  connected  to  deep  circumferential  cracks. 

Test  Run  No.  9:  275‘F,  0.2  Watts/Ft2  Ultraviclet 

O-Rmg  No.  1-81;  Failure  Mode;  2 

Deep  circumferential  cracks  at  OD. 

O-Ring  No.  1-82;  Failure  Mode:  1,  2 

Radial  fracture;  slight  circumferential  cracks  at  OD. 

O-Ring  No.  1-83;  Failure  Mode:  1,  2 

Deep  radial  crack  on  OD;  slight  circumferential  cracks. 

O-Ring  No.  1-84,  1-85;  Failure  Mode:  2 

Deep  circumferential  cracks  on  ID  and  OD. 

O-Ring  No.  1-86;  Failure  Mode:  1,  2 

Network  of  deep  circumferential  cracks  on  entire  surface  which 
cross  mold  line  periodically.  One  moderately  severe  radial  crack. 


O-Ring  No.  1-87;  Failure  Mode:  2 

Deep  circumferential  cracks  on  ID.  Several  lesser  circumferential 
cracks  on  OD. 

O-Ring  No.  1-88;  Failure  Mode;  1,  2 

Deep  circumferential  cracks  on  OD.  Radial  fracture. 

O-Ring  No.  1-89;  Failure  Mode:  1 

Deep  radial  crack  on  OD. 

O-Ring  No.  1-90;  Failure  Mode:  1,  2 

Deep  radial  crack  on  OD;  connected  to  network  of  deep  circumfer¬ 
ential  cracks  on  OD. 
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APPENDIX  V  FHYSICAL  TEST  METHODS 


This  append^  contains  a  description  of  the  physical  test  method  used  in 
the  Uie  tests  conducted  on  each  of  the  four  parts  included  in  the  study  program. 

APPENDIX  V-l  PHYSICAL  TEST  METHOD  (SWITCHES) 

The  switch  test  setup  is  schematically  shown  by  Figure  V-l.  The  test  set¬ 
up  had  provisions  for  testing  two  switches  simultaneously.  A  four  lobe  cam 
was  used  to  provide  the  mechanical  movement  that  displaced  the  roller  leaf 
actuator  and  in  turn  operated  the  switch  plunger.  The  test  samples  were 
mounted  on  the  fixture  and  the  necessary  wiring  connection  made.  The  over¬ 
travel  was  measured  by  optical  means  and  the  necessary  mechanical  adjust¬ 
ment  of  switch  position  made  f  a.hieve  the  desired  overtravel  condition  of 
.  005,  .  010  or  .  015  inches.  The  mechanical  adjustment  was  made  by  moving 
the  switch  mounting  plate  toward  the  cam  to  increase  the  overtravel  or  away 
from  the  cam  to  reduce  the  overtravel.  Overtravcl  is  defined  as  the  addi¬ 
tional  plunger  movement  measured  after  the  normal'- y  open  contact  circuit 
has  been  completed. 

The  electrical  load  was  applied  to  the  normally  closed  contact  of  the 
switch.  This  load  wa^  established  by  using  one  resistor  in  series  with  the 
power  source  for  the  5  amp  test  condition.  The  addition  of  a  second  resistor 
in  paral'el  with  the  original  resistor  accomplished  the  10  amp  load,  and  a 
third  resistor  connected  in  parallel  provided  the  15  amp  load. 

The  rotational  speed  of  the  cam  was  adjusted  by  a  variable  speed  drive  to 
provide  the  desired  actuation  rates  of  70,  150  or  300  cycles  per  minute. 

Electrical  impulse  counters  were  connected  to  the  normally  open  contacts 
of  each  switch  and  were  used  to  record  the  number  of  switching  cycles.  Miss 
detectors  were  used  to  monitor  both  the  normally  open  and  the  normally 
closed  switching  function.  At  the  time  of  i  switch  malfunction  the  miss  detec¬ 
tor  opened  the  circuit  to  the  drive  motor  and  triggered  the  failure  indicator 
to  show  which  switch  had  the  failure  or  miss.  All  testing  was  conducted  at 
normal  room  ambient  temperature  (65*F  to  80*F).  The  switch  test  loads 
were  obtained  using  120  volts  ac  and  a  100^  watt  load  bank.  The  cam  pro¬ 
vided  a  switching  duty  cycle  of  approximately  70%  on  and  30%  off  for  the  nor¬ 
mally  closed  contact. 

Th-  following  items  of  test  equipment  were  utilixed  to  provide  the  setup 
and  test  data: 


Item  Instrument  Accuracy  Data  Measurement 


Gaertner  Scientific  Co.  a.  0001  inch  Contact  Overtravel 

Optical  Measuring  Device 
Serial  #  1295P 
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Item 


Instrument  Accuracy 


Data  Measurement 


Chatillon  Gage 
Cat.  #509-250 
Spring  Scale 


±2  grams 


Operate  and  release 
force  measurement 


Triplet  Meter 


±3% 


Contact  Resistance 


Weston  Ammeter  and  4.65%  Switch  load  current 

Current  Transformer 

H8984 

H93789 


The  test  procedure  utilized  in  the  performance  of  these  tests  is  given  in 
the  following  paragraphs: 

General  -  These  tests  shall  be  conducted  at  normal  room  temperature 
(o^'F  to  80‘F)  under  controlled  environmental  conditions. 

Installation  -  Remove  switch  from  sealed  protec tive  cover  and  install 
mechanically  in  test  fixture  and  check  for  performance  a  a  switch.  Adjus. 
overtravei  to  proper  condition  for  test  cell  requirement  by  adjusting 
switch  mounting  plate  in  reference  to  cam  lobe. 

With  power  off.  make  electrical  connections  to  the  normally  open  (load) 
normally  closed  (counter),  and  common  contacts  (power).  Connect  the 
load  banks  to  provide  the  proper  test  current. 

5  amps  -  Single  load  bank 
10  amps  -  Two  load  banks  wired  i:i  parallel 
15  amps  -  Three  load  banks  wired  in  parallel 

Data  Recording  -  Set  counters  to  zero.  Fill  in  values  for  test  cell  condi- 
tions  and  measure  and  record  the  following  initial  data; 

Contact  resistance 
Operate  force 
Release  force 
Contact  overtravel 


Turn  on  power  and  adjust  drive  for  proper  switch  actuation  speed  as 
specified  for  the  test  cell  in  process. 

Set  miss  detectors  and  remove  detector  bypass  connection. 

Allow  test  to  proceed  until  interrupted  by  miss  detector.  Record  first 
miss,  repeat  initial  measurements,  and  record  data  on  data  sheet  in¬ 
cluding  counter  reading. 


If  specified  by  test  cell  requirements,  restart  and  rest  miss 
repeat  above  procedure  for  second  and  third  miss  data. 


detectors  and 
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Upon  completion  of  the  number  of  misses  specified  by  the  test  cell  require¬ 
ment,  ti» -2  appropriate  miss  detector  shall  be  bypassed  and  the  test  continued 
to  total  failure  of  the  switch. 

The  switch  shall  then  be  removed  from  the  test  setup  and  placed  in  an 
envelope  having  the  proper  identification  on  the  exterior. 

In  general,  the  measurement  accuracy  of  the  various  parameters  was 
controlled  by  the  measuring  instrument  accuracy.  Only  in  the  cases  of  operate 
force,  release  force  and  overtravel  measurements  would  technician  or 
"human"  accuracy  contribute  to  the  actual  measurement  accuracy  limits.  The 
contact  resistance  measurements  using  the  Triplet  meter  however  do  not 
result  in  highly  accurate  measurements  for  this  parameter. 

In  the  case  of  operate  force,  the  plunger  load  was  increased  gradually  by 
the  spring  scale  until  it  was  sufficient  to  actuate  the  switch  contact  to  the 
normally  open  position.  The  maximum  reading  of  the  scale  was  the  operate 
force.  Two  or  more  readings  were  used  to  achieve  a  repeatability  confidence 
level.  Release  force  was  measured  in  the  same  manner  except  that  the  load 
was  gradually  reduced  until  the  switch  contact  returned  to  the  normally  closed 
position.  After  familiarization  and  practice,  the  technicians  were  able  to 
consistently  make  repetitive  measurements  with  a  reading  accuracy  of  ±2 
grams . 

The  overtravel  measurement  was  made  with  an  optical  instrument,  con¬ 
sisting  of  a  magnifying  lens  system  with  a  reference  cross  hair,  mounted  to 
a  calibrated  vernier  drive.  The  accuracy  of  the  vernier  drive  was  ±.  0001 
inch  for  measuring  the  switch  overtravel  limits  involved.  The  switching  cam 
was  manually  rotated  until  the  normally  open  circuit  was  completed.  The 
vernier  was  adjusted  to  align  the  cross  hair  with  a  reference  on  the  switch 
plunger  and  the  vernier  dial  reading  was  noted.  The  switching  cam  was  then 
rotated  to  its  peak  position  and  the  vernier  was  readjusted  to  obtain  the  plunger 
reference-crosshair  relationship  and  the  ne”'  vernier  was  noted.  The  differ¬ 
ence  in  the  two  readings  represented  the  switch  overtravel.  Through  extensive 
familiarization  and  .practice,  the  technicians  were  able  to  consistantly  repeat 
measurements  to  an  accuracy  of  ±.  0002  inch.  Since  it  was  established  that 
overtravel  data  would  be  adequate  if  measured  to  the  nearest  .  001  inch,  the 
effect  of  "human"  error  in  this  measurement  became  insignificant. 

Actuation  speed  was  measured  by  setting  the  variable  speed  control  at  the 
desired  speed  position  and,  with  the  test  setup  running,  the  counters  were 
used  to  check  the  actual  number  of  switching  cycles  for  a  1  minute  period. 

If  necessary  the  speed  control  was  readjusted  and  speed  rechecked  until  the 
desired  test  condition  was  achieved. 

Since  switch  current  was  controlled  by  fixed  value  wire  wound  resistors, 
it  was  decided  that  periodic  monitoring  on  a  dai'y  basis  would  suffice.  The 
initial  setup  was  made  by  selecting  6  resistors  with  nearly  identical  resist¬ 
ance  values  and,  using  a  motorized  Variac,  adjusting  the  voltage  across  one 
resistor  until  a  5  amp  current  was  measured.  The  variac  drive  motor  was 
then  disconnected  and  current  was  checked  for  the  two  and  three  parallel 
resistor  circuits  for  10  amps  and  15  amps  respectively.  A  separate  power 
line  was  u^  'd  to  minimize  voltage  fluctuation.  The  maximum  error  found 
during  the  test  cycle  was  ±.  15  amp. 
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APPENDIX  V-2  PHYSICAL  TEST  METHOD  (RELAYS) 


The  test  method  used  for  tne  study  program  on  relays  was  as  follows:  All 
relays  were  subjected  to  initial  screening  tests  at  room  temperature  and  at 
the  life  test  temperature  prior  to  the  start  of  the  cycling.  The  screening  test 
parameters  measured  were:  dc  coil  resistance,  contact  resistance,  pickup 
and  dropout  voltages,  operate  and  release  times,  and  contact  bounce.  Loads 
were  resistive  with  an  open  circuit  voltage  of  28  Vdc.  All  relay  coils  were* 
energized  with  rated  coil  voltage  (2b.  5  Vdc). 

Periodically  through  the  life  cycle  of  each  part,  measurements  were  taken 
and  recorded  of: 

•  Contact  resistance  -  by  measuring  the  contact  voltage  drop  at  the  life 
test  current  level  using  the  voltmeter-ammeter  method  and  by  calcu¬ 
lating  resistance 

•  Coil  resistance  -  using  a  Wheatstone  bridge 

•  Pickup  voltage  -  using  a  lamp  circuit 

•  Dropout  voltage  -  using  a  lamp  'ircuit 

•  Operate  time  -  using  an  oscilloscope 

•  Release  time  -  using  an  oscilloscope 

•  Contact  jounce  -  using  an  oscilloscope. 

As  the  test  progressed,  each  cycle  was  recorded  on  temperature- sensitive 
chart  paper  using  a  Sanborn  recorder.  The  parts  were  monitored  for  first 
miss,  intermittent  operation,  and  catastrophic  failure.  The  analyst  also 
recorded  whether  the  failure-to-make  was  on  the  normally  open  or  normally 
closed  position. 

Primarily,  the  measurement  accuracy  of  the  various  test  parameters  was 
limited  only  by  the  measuring  instrument  accuracy.  Exceptions  may  have 
occurred  due  to  the  human  factor  as  stated  in  the  following  test  conditions. 

Oscilloscope  measurements  of  operate  and  release  time  and  contact  bounce 
may  vary  due  to  the  slight  parallax  in  the  oscilloscope  screen.  The  measure¬ 
ment  may  vary  slightly  depending  on  the  technician  viewing  the  oscilloscope. 

Pickup  and  dropout  voltage  measurements  may  vary  with  different  rates 
of  voltage  cha.ige.  A  rate  of  approximately  0.  i  volt  per  second  was  used 
when  approaching  the  critical  potential. 

The  D.  C.  coil  resistance  measurements  were  made  as  soon  as  possible 
after  the  interruption  of  the  life  test  cycling.  The  coil  resistance  was  highest 
at  this  time,  due  to  the  temperature  rise  of  the  relays  during  operation,  and 
decreased  steadily  until  stabilized  at  the  ambient  temperature.  The  resistance 
was  therefore  dependent  on  the  time  lapse  between  the  life  cycle  interruption 
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and  the  time  measurement.  The  measurements 
onds  of  the  interruption  and  all  specimens  were 
each  time  to  minimize  variations. 


were  made  within  ten  sec- 
measured  in  the  same  sequence 


The  load  current  was  controlled  by  variable  wire  wound  resistors  and 
moSorcdttt.r  each  lit.  cycle  interruption.  Regulated  power  .uppl.ee  were 
used  to  increase  stability. 

All  ambient  temperatures  above  room  temperature  were  monitored  steadily 
until  stabilized  and  daily  thereafter. 


Cycling  rates  were  controlled  by  solid  state  devices  to  increase  stability 
and  monitored  daily. 


The  test  equipments  used  on  the  relay  test  program  are  listed  below, 
instrument  accuracy  limits  are  shown  in  parentheses. 


The 


Equipment  List  EL-5138 


Oscilloscope,  Tekcronix,  535A 
Oscilloscope,  Tektronix,  535A 
Oscilloscope,  Tektronix,  535A 
Oscilloscope,  Tektronix.  1/35A 
Oscilloscope,  pre-amp,  Tektronix,  type  CA 

Oscilloscope,  pre-amp,  Tektronix,  type  CA 

Oscilloscope,  pre-amp,  Tektronix,  type  CA 

Oscilloscope,  pre-amp,  Tektronix,  type  CA 


H-75885 
H-  102029 
H-  1 80855 
H-762M  . 

H-77903 
H-  77924 
H-77907 
H-46581 


Digital  voltmeter 
Digital  voltmeter 


Non-Linear  Systems 
Non-Linear  Systems 


V35RB,  510-03247 
V35,  H- 101977 


D.  C.  Ammeter, 
D.  C.  Voltmeter, 
Resistance  bridg 


Weston,  901,  0-1-5-10A, 

Weston,  622,  0-30  V  range,  H-47992 
Leeds  &i  Northrup,  No.  5305,  520-02173 


(Sweep  accuracy 
1-3%) 

(Amplitude 
calibrator 
accuracy  =  3%) 


±1  digit  in  last 
digit) 

(±.  5%) 

(*.  1%) 

(±.  1%) 


D.  C.  Power  Supply,  Perkin, 

D.  C.  Power  Supply,  Perkin, 

D.C.  Power  Supply,  Perkin, 

D.C.  Power  Supply,  Perkin, 

D.C.  Power  Supply,  Lambda, 

D.C.  Power  Supply,  Hewlett  Packard, 
D.C.  Power  Supply,  Hewlett  Packard, 

Electronic  counter,  Hewlett  Packard, 
Electronic  counter,  Hewlett  Packard, 


MR  2432-200,  H-15975 

MR  2432-  iOO,  520-004^5 

MR  532-15A,  520-01458 

MR  532-15A  520-014o0 

LA  200-03AM,  H- 102291 

7 1 1  A,  520-00122 

7  1 1A,  H- 31400 

5243L,  H-  180920  (*  1  digit  in  last 

523BR,  520-01571  j  digit) 


Square  wave  generator,  Hewlett  Packard, 
Square  wave  generator,  Hewlett  Packard, 
Amplifier,  McIntosh,  H-45201 


2 1 1  A,  H-  101912 
21 1A,  H-94532 
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Oven,  Tenney,  TMUF- 100240, 

Oven,  Bxtie  M,  OV-475 

Oven,  Prec  ision  Sc  ientif  1c  ,  Model  18, 


520-01160 

H-4785' 

H  -  4 1 7  2  7 


8  channel  Re<  order,  Sanborn,  15C,  520-00533  FECL-4608 

4-0.  C.  Amplifiers,  Sianborn,  dual  c hannel  FECL-8251 ,  8252,  8253,  8254 
model  1  50- 2900 

4  channel  Recorder,  Sanborn,  150,  H-18648 

4-D.  C.  Amplifiers,  Sanborn,  single  channel  H- 18649,  H-18650,  H-18651, 
H- 1 8652 

Thermocouple  Bridge,  Rubicon,  2745,  520-02264  (-*■.  1%) 

2-Load  Bank,  lab.  fab. 

2-Relay  test  fixtures,  lab.  fab. 

2-Relay  cycles,  lab.  fab. 

APPENDIX  V-  3  PHYSICAL  TEST  METHOD  (O-RINGS) 


Figure  V-2  illustrates  the  method  of  environmental  stress  application. 

The  ou'line  represents  the  temperature  controlled  oven  which  was  set  for  the 
required  temperature  stress  level.  The  chamber  was  set  up  to  simultaneously 
supply  the  three  levels  of  ultraviolet  exposure.  This  condition  was  achieved 
by  using  an  opaque  shield  for  the  "no  ultraviolet'  level,  setting  the  bulb-to- 
O  ring  distance  for  0.2  watt/ft^  and  providing  a  y~2^distance-from-bulb 
relationship  for  the  0.  1  vvatt/ft^  and  0.2  watt/ft2  levels.  The  bulb-to-O-ring 
distance  was  periodical./  reduced  to  compensate  for  the  U  ;ht  output  decrease 
associated  with  bulb  aging. 

The  O- rings  were  installed  in  individual  test  blocks  and  were  not  removed 
until  failure  was  evident.  This  minimized  the  possibility  of  damage  by  mis¬ 
handling  or  from  installation  and  removal.  The  test  blocks  were  mounted  on 
the  pressure*  test  fixture  illustrated  by  Figure  V-3.  A  hydraulic  pressure 
of  1500  psi  was  applied  for  a  period  of  1  minute  ar.d  then  released.  This  cycle 
was  repeated  3  times  for  each  test  cycle.  The  O-ring  and  test  blocl  were 
removed  as  a  unit  and  washed  with  gasoline  to  remove  the  hydraulic  oil. 

After  drying,  O-ring  and  test  blocks  were  placed  in  the  appropriate  .*  tviron- 
ment  chamber.  Periodically  the  test  specimens  were  removed  from  tne 
environment  chamber,  allowed  to  cool,  pressure  tested,  cleaned  and  returned 
to  the  environment  chamber.  This  was  repeated  until  failure  occuned. 

The  following  items  of  test  equipment  were  used  in  the  testing  procedure: 

Item  Function 


Tenny  Oven 
520-01 1528 


Dispatch  Oven 
Serial  #52517 


Ultraviolet  Lamp 
G8T5 


Temperature  environment 
Temperature  environment 
Ultraviolet  environment 
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Ftgun  VS.  0-Ring  Test  fUturt 


Item 


F  unc  tion 


Crosby  Model  AIH  Indicate  test  pressure 

1 500  psi  gage 

Blackhawk  Model  PI  51  Hydraulic  Test  Pressure  Source 

Hydraulic  Pump 

The  specific  steps  in  the  O-ring  test  procedure  are  as  follows: 

Visually  inspect  O-ring  for  manufacturing  imperfections  and  carefully 
install  in  test  block  with  identification  dots  on  the  exposed  surface. 

Mount  O-ring  and  test  block  on  the  pressure  test  fixture  and  raise  hydrau¬ 
lic  pressure  to  1500  psi  for  aporoxi mately  1  minute.  If  O-ring  passes 
initial  pressure  test,  remove  block  and  ring  from  test  fixture,  wash  in 
pan  of  gasoline  and  carefully  blot  with  a  cleat  cloth  until  dry. 

Record  environmental  exposure  information  on  data  sheet.  Place  O-ring 
and  test  block  in  oven  and  expose  to  the  proper  level  of  ultraviolet  light. 

None  -  Place  in  shield  area 

0.  1  watt/ft^  -  set  block  in  position  14"  from  bulb 
•> 

0.  2  \catt/ft“  -  set  bulb  at  9.  9"  above  O-ring 

Reduce  the  vertical  height  of  the  bulb  by  0.  1"  each  7  day  period  to  compen¬ 
sate  for  bulb  aging.  Replace  the  bulb  at  10  week  intervals  vith  a  new  bulb 
that  has  been  "burned  in"  for  100  hours. 

0-rings  exposed  to  the  275'F  environment  shall  be  pressure  tested  at 
24  hour  maximum  intervals  until  failure.  Pressure  testing  shall  consist 
of  following  the  initial  test  procedure  exceot  it  shall  be  pressurized  to 
1500  psi  for  three  cycles  for  each  test. 

O-rings  exposed  to  the  250°F  environment  shall  be  pressure  tested  at 
48  hour  maximum  intervals  in  the  same  manner  as  the  275°F  O-rings. 

O-rtngs  exposed  to  the  200°F  environment  shall  be  pressure  tested  at 
maximum  4  day  intervals  in  the  same  manner  as  the  2751>F  O-rings. 

When  failure  is  evident,  remove  the  O-ring  from  the  test  block,  wash  in 
gasoline,  and  place  in  an  envelope  having  the  identification  information  on 
the  exterior. 

APPENDIX  V- 4  PHYSICAL  TEST  METHOD  (TIMING  BELTS) 


Figure  V-4  is  a  schematic  representation  of  the  Timing  Belt  test  setup. 
Three  complete  setups  were  in  use  on  this  program  to  provide  a  fixed  load 
condition  of  1/15  H.  F.  ,  1/8H.P.,  or  1/4H.P.  Each  consisted  of  5  belt 
test  positions  in  series  between  the  input  and  load  providing  a  .total  of  up  to 
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15  Timing  Belts  undergoing  tests  at  iny  one  time.  By  installing  different 
pairs  of  pulley  (12,  15  or  13  tooth)  on  the  proper  load  setup  a  combination 

of  tests  could  be  running  simultaneously.  Water  pumps  were  utilized  as 
driven  loads.  Since  the  tests  were  to  run  24  hours  per  uay  in,  ludmg  week¬ 
ends,  a  tac-generator  connected  mechanically  to  ear  h  pump  snait  was  used 
to  open  a  relay  in  the  drive  motor  power  line  at  ihe  time  of  a  belt  failure. 
This  also  interrupted  the  running  time  meter  for  the  setup  and  provided  the 
time -to-failure  information.  To  minimize  test  setup  failures,  Ihe  1/15  H.  P. 
and  1/3  H.  P.  loads  were  driv  by  1/4  1I.P,  motors  while  the  1/4  M.P.  load 
was  driven  by  a  1/2  11.  P.  motor.  A  variac  was  used  to  bring  the  motors  up 
to  speed  gradually  rather  than  subjecting  the  belts  to  the  excessive  full  start¬ 
ing  torque  of  the  oversize  motors.  This  also  prevented  '  tooth  jumping 
during  the  starting  cycle  on  the  1/4  H.  P.  test  setup. 

The  following  items  of  test  equipment  were  used  in  the  setup: 

Item  Function 

Variac  Control  starting  torque 

General  Radio 
Type  W5MT3 

Tac-Generator  Provide  relay  interruption 

Madison  Electric  Products  of  power  line 

Type  \12P 

Running  Time  Meter  Indicate  running  time 

Aero  Instrument  Co. 

Type  t>  1 1  3 4 

The  general  test  instructiona  are  as  follows: 

General  -  These  tests  shall  be  con  ’.ucted  at  normal  room  temperature 
(65°  to  80'F)  with  no  uncontrolled  environmental  conditions  introduced. 

Installation  -  Visually  inspect  the  belt  for  obvious  imperfections  and,  if 
none  exist,  install  it  on  the  proper  test  setup  for  the  load  environment 
required  for  the  desired  test  cell.  The  installation  should  utilize  a  pair 
of  pulleys  of  the  proper  size  as  indicated  lor  the  test  cell.  The  pulley 
center  distance  must  be  adjusted  to  provide  no  initial  belt  tension  and  so 
that  a  light  finger  pressure  at  the  center  of  the  belt  deflec  ts  it  approxi¬ 
mately  1/8".  Care  must  be  exercised  to  obtain  parallelism  between 
shafts  and  an  in-line  condition  for  the  pulleys, 

Enter  the  test  conditions  on  the  data  sheet  including  the  reading  from  the* 
running  time  meter.  Using  a  variac,  giaduaily  increase  the  voltage  to 
the  drive  motor  until  it  has  been  brought  up  to  running  sueed. 

Inspection  -  Twice  a  week,  stop  the  setup  and  inspect  belts  for  signs  of 
cracks,  wear,  or  other  dele noration.  Any  indication  of  deterioration 
shall  be  noted  on  the  test  data  sheet. 

Continue  the  tests  until  belt  failure  occurs. 
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APPENDIX  VI  WEIBULL  PLOTS  OF  TEST  RUNS 


VI- l  SNAP  ACTION  SWITCHES 


Each  ol  the  27  test  tans,  consisting  of  10  switches  each  was  plotted  on 
Weibull  probability  paper  (Figures  VI  l  thru  VI-27).  The  line  of  best  fit  was 
drawn  through  the  plotted  points  based  on  a  linear  regression  perlormeci  on  a 
computer.  The  scales  used  on  the  cycles  to  failure  axis  were  selected  only 
lor  the  purpose  ol  convenience  in  presenting  the  data  on  the  graph.  Each  lif- 
ure  is  identified  by  the  Test  Run  number,  the  level  of  each  accelerating  stress 
usca,  and  also  shows  the  Weibull  shape  parameter  (p)  and  the  scale  parameter 
(Of).  The  (ilf)  shown  on  each  graph  is  a  coded  value  which  is  dependent  on  the 
time  stale  used.  To  convert  the  Of  to  an  uncodn  state  tha*  is  independent  of 
the  time  scale  used  on  the  graph  paper  and  hence  is  the  true  estimate  of  Of, 
the  lolloping  conversion  method  is  used: 

Suppose  X  is  the  random  variable  with  density  function: 


KX) 


e 


a 


.  xH 

F(  X)  =  1  -  e  a 

Now  suppose  X  is  multiplied  by  K,  -  *  <  K  <  *>.  Then  the  cumulative  dis¬ 
tribution  function  of  Y,  where  Y  -  KX,  is: 


F(Y)  =  1  -  e 


K^ar 


,6 

which  is  Weibull  with  beta  =  (3  and  alpha  -  Ct*  -  h  CL 

A 

Hence,  multiplying  X  by  K  has  the  effect  of  increasing  a  by  Kp  and  has  no 
effect  on  *3. 

Now  suppose  X  is  Weibull  with  the  same  density  as  above  and  a  constant  is 
added  to  X,  i.  e.  ,  Y  =  X  +  K,  -■*  <  K  <  •. 

Then,  since  X?0,  Y-K^O  and 


(Y  -  K)3 

F{  Y)  =  1  -  e  “ 

and  Y  has  a  Weibull  distribution  with  the  same  Of  and  P  us  before  but  with  a 
guarantee  time  K  introduced. 
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lo  illustrate  this,  observe  in  he  Weibull  plot  of  Test  Run  #1,  the  time 
scale  is  cy  les  to  first  miss  X  1  0  ‘ 'h  The  lndt  -  -3.  176  and  Ct  -  24.05.  The 
value  24.  0^  is  coded  and  to  convert  it  to  its  actual  value,  the  following  oper¬ 
ations  are  performed: 


ao  =  “K  •  K 


Of  -  24.  05  x  10 
o 


5,3 


a  =  24. 05  x  10 
o 


5(4.  07) 


a  =  53, 848  x  10 
o 


17 


where 

K  =  105 


P  =  4.  07 

•v 

a  =  uncoded  value 
o 

=  coded  value 

The  ordinate  scale  on  the  Weibull  plots,  Percent  Failure  was  plotted  at' the 
median  rank  values  (Reference  13)  for  a  sample  size  of  10.  x  he  subscript  on 
a  indicates  the  power  of  ten  that  the  original  data  was  divided  by.  The 
over  the  a,  p's  indicates  these  are  graphic  estimates  of  the  true  a  and  p's. 
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amps,  Contact  Overtravel  -  .  005  inch.  Actuation  Rate  -  70  cpm.  In  a-  -3.  176,  a  -  24.  05,  ft  -  4.  07 

Figure  TI  -1  Switch  Test  Run  No.  1 
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J'ljurr  Vl-i  Switch  Teat  Pan  Mo  b 
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Figure  VI-7  Switch  Test  Hun  Wa, 
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Contact  Load  -  10  amps,  Contact  Overtravel  -  .  0C5  inch.  Actuation  Rate  -  150  cpm,  in  a  *  -3.464,  Of  *  31.82,  fi •  2.26 

Figure  VI-11  Switch  Teat  Run  No.  11 
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t  Laid  *  10  unp*>  Cflst«i  Ov.ntiT.1  -  *OOS  Inch,  Actubon  Ait*  -  100  cpn.  Imp  a  -6.JT),  *  *  T9.  CM.  j*  .  2.91 

Fl|ur*  VI -II  Swlleh  Trii  Run  Na  11 
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Fijutc  VI*  15  Swilch  Tc  it  Run  No..  t* 


10  amps.  Contact  Overtravel  -  .  015  inch,  Actuation  Rate  -  70  cpm.  in  €t  •  -11.15,  a  *  69.564,  5.71 

Fifure  VI-16  Switch  Test  Run  No.  16 
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15  impt,  Contact  Ovwrtraval  -  .010  inch.  Actuation  Rata  -  70  cpcn.  Ana 

rigur*  VI- 22  Switch  Teat  Son  No.  22 
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Contact  Load  -  15  tmpi,  Contac‘  Overtravel  -  .  010  irtch, .  Ac  tuaaon  Rate  *  150  cpm,  in  a  *  *3.460,  a  -  31.JI7,  fi  -  2.02 

Figure  VI-23  Switch  Tut  Run  No.  23 
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Vl-z  CRYSTAL  CAN  RELAYS 

the^^rr?  Char‘s  (figures  VI-28  through  VI- S4)  are  Weibull  plots  of 
(TosJ  Ru„  ° w  f  1X3  °pcra:cd  lt  ^anafacturcr',  rated  condit.on, 

Eachcl  rt  i  °.t  'r  fSt  rUnS  cmP,oyinK  combined  accelerated  stresses 

the  ‘ays  the  failure  time  o.  each  relay,  the  detailed  description  of 
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Contact  Load  -  3  »mps.  Temperature  -25°C,  Actuation  Rate  -  10  cpa,  in  a  -  .1.646, 

Figure  VI-37  Relay  Teat  Run  No,  10 
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Figure  V!-3?  Relay  Test  Run  No.  12 
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Fitter  VI -40  RrJjT  T«t  flun  Nk.  11 


Contact  Load  -  6  ac.cpit.  Tcmpcj  if  -  lOCPC,  Rat*  -  |0  tp#,  fa  *  ■  _*  fa  I0L 


x  10' 5  cycles 

Cur.tait  L>..«d  -  8  arnp»,  Temperature  -  Z^'O,  Actuation  Rate  -  10  cps,  in  U  -  -.820,  a~  2.27, 

Figure  VI-4J  Rrlay  Test  Run  No.  16 
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■W)  ■  l  u*  >  10’'  CfdtB 

jriUi>  1  oad  •  3  amps,  Ttmpcf  «tJl  c  *  liO^C.  Atimiion  {lj|1v  -  3D  Cps.  In t  i  ■  *  401,13  fi 

Figure  VI-48  Relay  Test  Run  No.  21 
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•mp«,  IVfnprrjiL.fr  -  £^C,  Aciujticrn  Rjie  -  JO  tj,,,  In  a  =  -!,J7i,  a  ±  )  $7 
T±mirr  V|  -*1?  R*|,¥  T*Jl  Hu 6  Kp,  li 


« 


Corn**!  Load  -  4  ftffip*.  T  fmpf  ntuf  (  -  IW*C,  Actuation  Hal*  *  }Q  cpi,  Jb  M  r  JJfl,  a  •  J.  49f  0*  wli 

Figuf*  V|- so  Aelar  Ta#I  H«n  No-  13 
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Contact  Lodd  -  6  amp*.  Temperature  -  150°Ci  Actuation  Rate  -  30  cp»,  Inflt  *  -.161,  «  *  1.20, 

Figure  VI-51  *trlay  leit  Run  No.  24 


Contact  Load  -  8  ampi,  Tc  •  (k  rature  -  2 5°C,  Actuation  Rate  -  30  cpa.  in  a  -  -I.  061,  a  -  2.  89,  fi  -  .  33 
•  Figure  VI- 52  Relay  Teat  Run  No.  25 
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nUt'  L»o»d  -  8  unpi,  Ttmpcrtmr*  -  IM°C,  Actuation  Rate  -  30  cpa,  in  a  *  fl3,  •  »  2.48,  0  «  1,86 

Figure  VI- M  Relay  Teat  Run  No.  27 
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<  O-RINT.^ 

.  ,  •  :oIl'n\»r»(i  chart*  (Kicnres  VI-6'1'  through  VI-M)  arc  Wct'»ull  pint*  of 
each  ui  the  '*  test  r  ins  on  O-rmijs.  Tin  « r  t  **  w.re  tested  it  eacn  set  ut  com* 
bund  stresses  a. id  the  line  ot  best  tit  was  iir.n»n  through  thi  n  ti-ing  th<  meth  >d 
i>t  least  squares. 
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tO-J  i,  Ultra  Vic  let  -  none,  in  m  -  -9.906.  O  =  19.930.  B-  17.75 


Temperature  -  200‘F,  Ultraviolet  -  0.  1  watt. /.q. ft. ,  in  a  =  -  3.879,  a  =  48.424,  fi*  10.71 

Figure  VI-56  O-Ring  Test  No.  2 
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wimtimm  mm  x  10  4  hour* 

Temperature  -  275‘F,  Ultraviolet  -  0.1  watta/aq. ft. ,  in  a*  -2.735,  «>  15.487,  7.943 

Figure  VI-62  O-Ring  Teat  Run  No.  8 
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\PVl  \  nx  VII  (  ONUDl.NCi:  UVtlSMJR  WEIRl'-L  r ARAMCTf  RS 

•  u  *  *  »l  A  ir^«t  «q<i  irr«  J»n«*  to  thr  p<r  »ru*tfrt  ui  tS« 

Wt:bult  a  «tributi  *n  vicUl*  «  *nli«irmr  »or  f  «r*J  ►>.  thf  p  *r .'.rm  t.  r  •  of 

thr  W «  i bull. 


|B  ,p  l-rirnl  *  Xo** x 

the  iliipr  ul  the  .Ujiili!  line.  mv.  b  I.  thin  iqml  to  4  and  the  intercept  <j{  the 
•  traight  linr  «u>  *  it  such  that 


4  -  iOi  1^) 


lv»i  .» 


»o  lh.it 


i  <1 


l'\  thr  u»u.il  techniques  in  .rttirc  confidence  limit*  for  the  true  value*  ol 
the  .tup.  and  intercept,  confidence  limit*  for  *’  .ire  obtained  directly  by  u*it ,g 
b.  the  »-d  rrroi  of  estimate.  and  the  t  distribution.  Confidence  limit*  for 

.»  ire  obtained  by  using  a.  the  *trt  error  ol  ritmu’.c.  the  t  distribution  and  the 
relation: 


a 


C’S 


97S 


and  dceoding  the  upper  and  lower  limit*. 


eg  (test  run  f b  switches) 
S 


l.  97S  1  *  *  *.  OiS 


XV 

yro 


*.  0**  *  *  *  l.  Oi* 


y/TZ 


-  -).  oil 


hence* 


2U 


» 


a 


975  * 


e-(*l.  Oil) 


2.  746 


but  these  confident  e  limit*  are  for  a  btird  on  the  random  variable 
thu*  (or  actual  data 


(actual  life\ 

~S*"7 


c  1  33  6 

a  025  *  1.  J36  x  (105)  *5.970x10° 

5  1  • 33  7 

a  9,s  *  2.  746  y  (103)  *  1.  226  x  10 

S 

975  S  b  +  *.  025  ^ 


9  Jn 

y  v 


=  1. 33  +  . 325 
*  1.655 


025 


1.  33  -  .  325 


=  1.005 
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APPENDIX  VIII  MATHEMATICAL  MODELS 

VIII- 1  The  derivation  o(  the  model  I  proposed  m  section  4,  3  is  given  below. 

The  instruction?  on  how  to  return  to  normal  conditions,  given  some  futurt 
test  at  similar  accelerated  conditions  as  in  this  report  is  now  obtainable  tor 
model  1.  Based  on  the  assumptions  clearly: 

»A  5  *.N 


so  that 


( A  -  1 ) 


and  since  from  (6) 


°A  =  c  *N  "  c  '  °N 


aA 

“^71 


“n  = 


(A-2) 


where 


/"A.V 

'vv  'W 


and  c  is  estimated  from  this  report  by 


■ft)' 


(A-  3) 


_  %  A. 

where  p  is  an  estimate  of  0  based  on  a  combination  of  and  Pj^. 
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VIII  -  2  The  derivation  of  the  algorithm  for  model  2  is  as  follows  (see  Section 
4.  4) 

Since 


then 


and  hence 


Since 


then 


And  hence 


(A-4) 


(A-S) 


VIII-3  The  derivation  of  the  algorithm  cf  model  3  of  section  4.  5  is  given 
below.  As  in  that  section  it  is  assumed,  that  the  physical  law  is  such  that: 
g(x)  is  always  the  same,  i.  e.  ,  g(x)  =  g*(x)  w-here  g(x)  is  the  TFC  for  this 
report  and  g*(x)  is  the  TFC  for  a  future  accelerated  test.  Then: 


.  .  /"a\',?a  W'a  /“X\,/PX  WX,  - 

*  n 106  k)  *ti  lo‘  * 1o‘  W  x 
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this  is  a  straight  line  in  log  x  hence  if  equality  is  to  hold  for  all  x  (more  than 
x  is  all  that  is  needed)  it  must  be  that: 


and 


On  «i 

so  that 

Pn  ‘  ^  *1 
and  hence 


(A-7) 


(A-8) 


Inspecting  equation  (A-4)  of  section  VIII-2  and  noting  that  from  (13)  of  4.  2 


it  can  be  seen  the  algorithm  for  flA  is  the  same  as  the  model  of  section  4.  2. 
Similarly  (A-6)  implies 


(A-9) 
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and  hence 


and  from  section  4.  2  ( A-5,  13,  14) 


<A-  1C) 


“n  ^/d  = 


aX 


(A- 1 1 ) 


which  is  the  same  as  (A- 10). 


VIII-4  i  ho  proof  that  the  TFH  (defined  in  4.  6)  and  the  TFC  (defined  in  4.  5) 
are  never  identically  equal  is  given  below. 

If 


(A- 1 2) 


(A-  1 3) 


these  are  straight  lines  in  log  x  and  if  equal  for  more  than  one  x  their  slopes 
and  intercepts  must  be  identical,  hence 


£n  ^N'1 

Pa‘Pa-i 


Pa*  1 


(A-  14) 


•  s  */. 


2)9 


From  (A-M)  and  (A-  13)  then  the  intercepts  mu«l  satisfy 


■>  3^-1  *  (3 ^  prodded  Of  ^  *  Oj, 


(A  -  1  “s ) 


(A  -  16) 


and  this  equation  has  no  solution  in  the  lield  ol  real  numbers.  It  and 

=  (3..  (a  triwul  situation)  then  j(\)  -  jc(x)  lor  all  x. 

A  ,N 

As  an  example  in  the  exponential  case  (PA  -  =  1) 


K(x) 


Or 


A 


(A- 17) 


and  there  is  no  jtx)  such  that  (A- 17)  is  satisfied,  i.  e.  ,  r.o  composition  function 
exists.  However  there  exists  a  function  j  1  ( t )  such  that 


hN(x)  -  J1(n) 


( A  -  1  8 ) 


since 


hN(x)  -  ~  and  hA(x)  =  ^ 


(A- 18)  implies  that 


1  1,  .  1 
*3- ^ 


.1.  .  “A 

J  tx’  ‘  *7 


(A*  19) 


It  will  be  noted  that  g(\)  -  j  (\)  mien  and  only  when  x  -  1. 
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The  derivative  of  the  algorithm  ol  mode  1  4  ot  section  4.  b  bated  on  constant 
TFH  is  given  below. 


j(*> 


. 


(A  -20) 


vi  Pa-i 

* 1  "  ^  A  *  * 


3"  - 


^N*  1 


(3X-U 


+  1 


( A-  2 1 ) 


and  al  so  that 


'*  s 


/<VnY 

WJ 


Q\^N 

■»* 


(A-22) 


hence 


N  >A“> 


(PX-D 


+  1 


(A-23) 


and 


h 


(A  -21) 


where  p£  in  (A-24)  is  found  from  (A-23).  It  snould  he  remembered  that  a;. 
P^,  a^,  p^  are  given  in  this  report,  so  that  when  or‘  >i.t;  3^  are  obtained 
O*  and  p^  are  estimable. 


I 


VIII  -  S  The  derivative  of  the  algorithm  of  model  5  of  section  4.  7  (CRH)  is  as 
follow  s. 


K(x)  = 


hN(x) 


K*(  x)  s 


h*(x) 


gN  x  ' 

“N 


V1 


PrV» 


K<*>  -  T-rrand  K *  -■  — wpr 

" A  *  "X  * 


Vn  <VPA  PN*PA 

KU,  =  V^X  AandK^x,  =  ^|xN 


(A-25) 


and  (19)  in  Section  4.  7  requires  that 


QAPN  PN*PA  .  aXPN  PN  'PX 


“n^a 


wx 


(A- 26) 


which  means 


fa A^N 


108  v5v  * l?N '  Pa’  108  *  ‘ 108  wt)  * ^ 108 


hence 


h,  ■  1  ^5  • 


^‘»X*  (|SN  -  ^A» 


(A-2T) 
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and 


Vn  'Vn 
Va  ‘  WX 


and  hence  the  algorithms  lor  estimating  and  are 


(A  -  28) 


=  h  *  lilN  •  *A> 

(A-29) 

3.  J'a A\ 

(A-3C) 

«  \W  >X 

where  in  (A-3C)  is  obtained  trom  (A-29)  and  Ct^,  (5^,  **e  Rlven  this 

report. 

VIII - fe  As  previously  indicated  the  validation  of  the  mathematical  model  is  a 
task  for  future  investigation.  However  in  order  to  show  how  to  use  the 
algorithms  associated  with  the  various  models  the  following  examples  are 
given  for  switches.  The  and  were  assumed  for  sake  of  illustration  and 
nothing  more.  They  are  not  actuaT  results  of  an  accelerated  test. 

Suppose  that  in  a  future  accelerated  test: 
cr£  =  1,  COO,  000 

=  3.  06 


From  this  report  it  was  learned  that: 

•v  17 

Normal  conditions  (test  run  1)  =  S3,  848  x  10 

*N  -  4-  07 

Accelerated  Conditions  (test  run  14)  Of^  =  2,259,241 

h  ■  '• 53 
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Then  e  Mimate* 

(  «ee  Table  4  -2): 

Model  1: 


Model  Z  k  3: 


Model  4: 


Model  5: 


oi  a*  and  p*.  i.  e.  .  (ij*.  and  are  given,  by  model,  a»  1 


follow  * 


-  3 .  06 


°S 


1 ,  000.  000 


(AZ  x  10 
106 


-r 


^  176410'40 


(1764)  10 
1 


-  34 


5*  J±^l) 

N  Vl.531 


3.  06 


1$  - 


1 


1^75 


1764-  10' 

h  -  (~tt)  00>  * 1 

=  12.9a 


(1.  000.  000  X  12.  92) 
°N  = - ^706 


4 ■ 222, 222 

(42  x  10'1  ‘)(2.  66)4 


(2.  259.  241H4  07) 
(S3.  848.  10l  >)(  1.13) 


(Z  06 \ 
1  \  .  53  ’ 


'■>  s 


4. 222, 222 


.174 

(111.7x10.  ) 


=  3.  06  +  (4.  07  -  1.  53) 


Pfl  *  5.  60 


[(53.848  x  1017)(  1.  53)1  (1,000.  000)(9.60) 
*  (2,  259,  241  )(4.  07)  U-  0b) 


0^  =  16, 154  x  10 


17 
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